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ABSTRACT 


A  deformation  study  and  evaluation  of  high  strength  tungsten*base 
alloys  was  accomplished.  Th~  two  alloys  studied  included  the  solid 
solution  strengthened  68$  W-20$  Ta-12$  Mo  alloy  and  the  dispersed-phase 
strengthened  W-12$  Cb-0,29$  V~0.12$  Zr-0..07$  C  alloy.  The  vacuum  melt¬ 
ing  plus  centrifugal  casting  technique  was  used  for  the  consolidation 
of  the  solid  solution  alloy.  A  new  type  of  ingot  mold  was  developed  to 
cast  3-inch  diameter  ingots.  High  temperature  extrusion  was  success¬ 
fully  accomplished  to  provide  68$  W-20$  Ta-12$  Mo  bar  for  evaluation. 
Studies  of  upset  and  side  forging,  rolling  and  swaging  of  the  solid 
solution  alloy  were  maue.  Upset  forging  was  the  only  successful  tech¬ 
nique  for  secondary  working.  The  extruded  bar  was  used  to  determine 
recrystallization  behavior,  tensile  and  creep  rupture  properties,,  The 
one-hour  recrystallization  temperature  for  the  68$  W-20$  Ta'-12$  Mo  bar 
was  3300°F.  The  3000°F,  35008F  and  1;0009F  tensile  strengths  of  the 
recrystallized  bar  were  approximately  three  times  those  of  unalloyed 
tungsten. 

The  W~12$  Cb-(V,  Zr,  C)  alloy  was  consolidated  by  AC  arc  melting 
due  to  arc  instability  in  DC  melting.  The  three- inch  diameter  ingots 
could  not  be  produced  without  cracking.  High  temperature  extrusion 
produced  sufficient  sound  bar  to  evaluate  tensile  properties.  This 
dispersed  phase  strengthened  alloy  exhibited  the  highest  strengths  at 
elevated  temperatures  known  to  have  been  reported  to  date  for  refractory 
metals. 
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I  imODUCTION 


(tenoral  review  of  the  history  of  refractory  metal  technology  reveals 
continuing  recognition  by  the  Department  of  Defense  of  the  increasing  needs 
for  superior  high  temperature  refractory  alloys  in  both  bar  and  sheet  form  for 
aerospace  design  concepts. 

Recent  programs  sponsored  by  the  Air  Force  Materials  Laboratory,  Research 
and  Technology  Division,  have  shown  considerable  promise  for  extending  the  servioe 
temperature  of  many  metallic  systems. 

This  program  was  initiated  to  study  several  promising  refractory  metal  alloy 
systems  more  thoroughly  and  to  provide  scale-up  verification  for  the  better  alloys. 
The  study  was  planned  to  include  the  evaluation  of  process  refinements  leading  to 
bar  and  sheet  products  of  high  strength  alloys  developed  earlier  in  the  Air  Force 
sponsored  prograra'l>2). 

The  promising  compositions  selected  for  study  oo^^sed  solid  solution 
strengthened  ternary  W-Ta-Mo  and  W-Ta-Cb  alloys  and  the  dispersed  phase  strengthened 
W-12Cb-.29V-.12Zr-. 07C  alloy.  The  alloys  exhibited  extremely  high  strengths  at  high 
temperatures  with  reasonable  ductility  as  shown  in  Table  I.  These  single  tests  of 
as-extruded  bars  from  small  arc  melted  ingots  represented  the  highest  strengths 
reported  to  date  for  refractory  metals. 

There  are  four  major  program  areas  involved  in  this  study:  consolidation  of 
the  high  strength  refractory  compositions}  primary  breakdown  of  the  castings  by 
extrusion;  secondary  deformation  studies  loading  to  bar  and  sheet  products;  and 
metallurgical  evaluation  of  the  alloys  at  all  stages  to  characterize  them  and  to 
resolve  the  problem  areas. 

A  major  problem  encountered  early  in  the  program  in  the  attempts  to  arc  melt 
larger  ingots  necessitated  a  modification  in  the  plan.  The  revised  program 
provided  for  a  study  of  two  alloys  aimed  at  developing  maximum  useful  high 
temperature  strengths.  hese  studies  were  divided  into  the  following  phases: 

Phase  A:  Evaluation  of  the  solid  solution  strengthened  68W-20Ta-12Mo  alloy. 

Phase  B:  Evaluation  of  the  dispersed  phase  strengthened  W-12Cb-0.29V-0.12Zr- 
0.07C  alloy. 

The  first  year's  effort  was  summarized  in  ML  TIB  6lt-271^  in  September  196Iu 
This  report  is  a  summary  of  all  the  results  of  the  program  including  data  and 
illustrations  from  the  above  report  as  appropriate® 
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TABLE  I 


REFRACTORY  METAL  ALLOYS  SELECTED  FOR 

“Valuation 


Nominal 

Composition 

(Wt.g) 

68W-20Ta-12Mo 
2CW-68Ta-12Mo 
68W-20Ta-12Cb 
liLW-l4LTa-12Cb 
W-12Cb- .2  9V- e 12Zr- . 07C 


3000“F  Ultimate,  . 
Tensile  Strength  'a) 
(psi) 

67,000 

55,ooo 

L8,ooo(b) 

5L,ooo 

57,000  (at  35004F) 


3000°F  () 

Elon|ation  ‘ 

16 

2k 

kW 

7 

13 


(a)  Data  reproduced  from  Reference  2,  representative  of  bar  stock  as 
extruded  from  ingots  consumable  electrode  vacuum  arc  cast  to  the 
approximate  nominal  compositions  shown  ibove. 

(b)  Fractured  at  the  fillet  portion  of  the  specimen  gage® 


n  SUMMARY 


A  development  study  has  been  conducted  with  selected  solid  solution 
and  dispersed  phase  strengthened  tungsten  base  alloys.  The  two  promising 
high  strength  alloys  selected  for  this  program  were  685?  W-20$  Ta-125?  Mo 
and  v^!25?  Cb-0.29$  7-0. 12$  Zr-0.07^  C.  The  requirements  of  the  program 
were  to  determine  the  scale-up  possibilities,  the  processing  conditions 
for  producing  bar  and  sheet  products  and  to  characterize  these  alloys  by 
mechanical  property  evaluation  of  the  finished  forms. 

The  program  has  established  that  the  scale-up  from  the  1  l/V  diameter 
ingot  size  to  3B  diameter  (and  larger)  ingots  of  these  compositions  is  a 
major  problem.  Modifications  in  centrifugal  casting  techniques  were  de¬ 
veloped  to  consolidate  the  68W-20Ta-12Mo  composition.  Difficulty  in 
maintaining  a  stable  arc  for  DC  arc  melting  of  the  W-12Cb~0.29V-0.12Zr- 
0.07C  for  centrifugal  casting  prevented  the  application  of  the  technique 
for  this  alloy.  AC  vacuum  arc  melting  wa3  then  employed  for  this  alloy. 

High  temperature  extrusion  was  successfully  accomplished  with  the 
68W-20Ta-12Mo  alloy.  A  total  of  ten  billets  of  thi3  composition  were  ex¬ 
truded  to  round  bar  at  reduction  ratios  of  lu5  -  6.U  to  1  within  a  tempera¬ 
ture  range  of  35>00°F  to  396o°F.  Two  extrusions  of  the  W-12Cb  dispersed 
phase  alloy  were  made  at  reduction  ratios  of  3.2  and  1.0  to  1  at  tempera¬ 
tures  of  3950°F  and  1j150oF,  respectively. 

Secondary  working  studies  including  upset  forging,  side  forging, 
rolling  and  swaging  were  made  with  the  68W-20Ta-12Mo  alloy  ext:ruded  bar. 
These  studies  indicated  that  uhe  material  could  be  upset  to  approximately 
5 0 %  reduction  in  height  in  both  the  wrought  and  re crystallized  conditions. 
The  side  forging,  rolling,  and  swaging  studies  indicated  that  the  alloy 
could  not  be  successfully  deformed  to  make  bar  or  sheet  products  by  these 
techniques. 

Evaluation  of  the  extruded  bar  showed  that  the  one-hour  recrystalli¬ 
zation  temperature  of  the  68W-20Ta-12Mo  alloy  was  3300°F  and  for  the 
W- 12Cb-0. 297-0. 12Zr -0.07C  alloy  was  over  UlOO°F.  Tensile  tests  of  ex¬ 
truded  68W-20Ta-12Mo  bar  were  made  in  both  wrought  and  re crystallized 
conditions.  The  W-12Cb  dispersed  phase  alloy  was  tested  in  tension  in 
the  as-extruded,  partially  recrystallized  condition.  Both  alloys  exhibit 
high  strengths,  e,g.,  yield  strengths  at  3000°F  of  U3,000  psi  and  65,000 
psi  for  the  solid  solution  and  dispersed  phase  alloys,  respectively. 
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Consolidation 
1,  Melting 

The  initial  work  on  the  ternary  alloy  systems  W-Te~Mo  and  W-Ta-Cb 
selected  for  study  in  this  program  was  accomplished  with  small  ingots 
melted  in  a  unique  furnace (2).  The  work  in  the  current  program  has  shown 
that  the  uncooled  molybdenum  crucible  mold  with  the  tungsten  sheet  liner 
in  which  the  l  1/k"  diameter  ingots  were  malted  in  the  earlier  program 
was  a  wise  choice.  The  slow  cooling  rate  afforded  by  allowing  the  ingot 
to  cool  within  the  solid  molybdenum  mold,  which  was  well  above  incandescent 
temperature  during  the  melt  cycle,  along  with  the  small  ingot  size  prevented 
cracking  due  to  stresses  generated  during  solidification  and  cooling. 

However,  it  was  determined  from  discussions  with  several  experienced 
refractory  metal  aslting  sources  that  construction  and  operation  of  a  large 
furnace  for  melting  the  ingots  required  in  this  program  would 
constitute  too  great  an  undertaking  for  the  current  effort. 

In  this  program,  the  initial  melting  wa3  accomplished  in  a  consumable 
electrode  vacuum  arc  furnace  with  a  water  cooled  copper  crucible.  The 
ingots  of  the  four  compositions  selected  for  study  from  the 
W-Ta-Mo  and  W-Ta-Cb  systems  (shown  in  Table  I)  were  cracked  severely 
after  cooling.  In  addition,  several  of  the  ingots  showed  a  high 
degree  of  porosity.  The  cracking  was  concluded  to  be  a  result  of 
inability  of  the  alloys  to  withstand  the  stresses  resulting  from 
contraction  during  cooling  through  the  lower  temperatures,  i.e., 
from  about  1500°F  to  ambient. 

After  reappraisal  of  potential  melting  techniques,  the  centrifugal 
i  ving  technique  was  concluded  to  offer  the  best  possibility  for  obtaining 
h  ganeous,  dense,  defect-free  ingots.  Oregon  Metallurgical  Corporation 
(0  net)  had  developed  a  furnace  for  centrifugally  casting  refractory  metals 
ani  ad  demonstrated  this  capability  in  earlier  programs  with  the  85  tungsten- 
15  lybdenum  alloy.  With  the  recognition  that  more  development  effort  was 
req,  ed  for  the  consolidation  phase  than  had  been  anticipated,  ti»e  decision 
was  ide  to  concentrate  the  effort  on  the  highest  strength  solid  solution 
allc  -  68W-20Ta-12Mo. 

The  centrifugal  casting  process  was  applied  initially  with  a  single 
ingot  mold  of  solid  graphite.  The  process  consisted  essentially  of  preparing 
an  electrode  by  melting  a  cluster  of  high  purity  starting  materials  in  an 
AC  vacuum  consumable  electrode  furnace.  After  machining  the  outer  surface  of 
the  ingot  so  produced,  it  became  the  electrode  for  consumable  DC  vacuum  arc 
melting  into  a  tiltable  water  cooled  copper  skull  crucible  from  which  the 
alloy  was  cast  Into  a  rotating  graphite  mold. 

The  first  centrifugal  casting  attempt  failed  tc  produce  an  ingot.  During 
casting  the  molten  metal  prematurely  3olidifi3d  in  the  funnel  and  the  sprue 
cavity  and  thereby  failed  to  enter  the  mold.  This  premature  solidification 
resulted  from  miscalculation  of  the  s"perheat  temperature  required  to  maintain 
fluidity  during  pourirg.  Apparently  the  fluidity  of  the  o8W-20'ia-12Mo  alloy 
is  less  than  that  of  95W~l5Mo  all>y,  upon  which  the  first  superheat  estimate 


for  the  experimental  alloy  was  based.  Universal  Cyclops  also  reported 
that  68W-20Ta-12Ho  required  more  power  to  maintain  a  molten  pool  during 
vacuum  arc  melting  than  did  unalloyed  tungsten.^) 

Several  changes  were  made  to  obtain  a  better  pour  with  this  alloy.  The 
height  of  the  melting  crucible  above  the  supporting  trunnion  (tilt  point) 
was  increased  by  six  iriches  to  allow  the  crucible  to  pour  direotly  through 
the  hole  in  the  f annex,  rather  than  on  the  funnel  lip.  The  inside  depth  of 
the  six  inch  diameter  crucible  was  increased  by  four  inches  to  increase  the 
metal  pool  volume.  This  attempt  was  successful  in  producing  an  ingot s  identi¬ 
fied  as  ingot  1A.  The  ingot  as-recei/ed,  with  sprue  attached,  is  shown  in 
Figure  1.  The  melting  parameters  for  this  and  later  heats  are  shown  in  Table  II. 

Due  to  the  low  ductility  of  this  alloy  at  room  temperature,  the  ingot  w 
removed  from  the  sprue  by  electrical  discharge  machining  in  an  effort  to  pre¬ 
vent  the  formation  of  cracks  during  machining  and/or  the  propagation  of  any 
cracks  that  may  have  existed  in  the  as-cast  material.  Several  cracks  and  a 
solidification  shrink  cavity  were  visible  on  the  as-sectioned  surfaoa,  Figure  2. 

After  removal  of  the  sprue,  the  ingot  was  given  a  3000“F  stress  relief 
anneal  for  lj  hours  to  eliminate  any  stresses  that  may  have  resulted  from 
solidification.  To  minimize  the  possibility  of  thermal  stress  cracking  during 
the  anneal,  a  k  1/2  hour  heating  cycle  and  a  6  hour  oooling  cycle  were  em¬ 
ployed.  The  stress  relief  anneal  was  performed  in  a  resistance  heated  vacuum 
furnace.  At  no  time  during  the  heating  cycle  was  the  absolute  pressure  in 
the  furnace  above  1  x  10”5  mm  Hg. 

After  the  stress  relief  anneal,  sections  were  removed  from  both  ends  of 
the  ingot  for  chemical  analysis  and  metallographic  examination.  At  this  point 
it  was  visually  apparent  that  the  ingot  was  cracked.  Ultrasonic  examination 
revealed  that  the  cracks  extended  the  total  length  of  the  ingot. 

Because  no  extrusion  data  were  available  for  thin  alloy  it  was  considered 
advisable  to  extrude  the  ingot  to  determine  pressure,  temperature,  am  extru¬ 
sion  ratio  relationships  for  a  guide  in  processing  subsequent  ingots  To 
accomplish  this  the  ingot  was  machined  and  ground  to  its  maximum  size,  2,5M 
diameter  by  U.2f>"  long.  Photographs  of  the  finish  ground  extrusion  billet, 
both  with  and  without  die  penetrant,  reveal  the  cracks  encountered  (Figure  3). 

After  detailed  discussion  of  the  procedures  used  for  the  initial  casting 
attempts,  a  modified  technique  was  developed  with  Oreraet  for  the  second  cast¬ 
ing  of  the  68W-20Ta-12Mo  alloy.  A  9”  diameter  copper  crucible  was  used  to 
increase  the  system  volume  so  that  two  billets  could  be  poured  in  a  single 
heat.  The  single  solid  graphite  mold  was  replaced  with  two  thin-wall  graphite 
cylinders,  one  1/2"  and  the  other  3/Un  thick.  These  mold  modifications  were 
intended  to  result  in  a  much  slower,  more  uniform  cooling  rate  and  thereby 
prevent  the  cracking  encountered  in  the  previous  attempt.  Further,  they 
allowed  two  ingots  to  be  cast  during  the  pour.  A  sketch  of  the  new  mold  is 
shown  in  Figure  u.  The  thin  mold  graphite  liners  are  less  conductive  than 
the  solid  graphite  while  the  vacuum  and  reflectors  minimize  the  cooling  rates; 
the  two  liner  thicknesses  were  used  for  comparison  of  resulto.  A  typical 
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Billet  U 


Billot  2A 


Billet  3A 


Figure  3.  Centrifugal  Cast  Billets  1A,  2A,  and  3A,  68^-20^Ta-12^Mo. 

(a)  As  Finished  Ground,  (b)  with  Die  Penetrant  Showing 
Crack  Pattern. 
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work  statement  outlining  material  processing,  before,  during,  and  after 
casting  appears  in  the  Appendix.  The  casting  attempt  was  successful  ex>* 
cept  that  a  slightly  short  pour  resulted  from  a  vacuum  loss  within  the 
furnace  near  the  end  of  the  melting  cycle  (see  Table  I)«  The  ingot  cast 
in  the  1/2"  thick  mold  was  identified  as  2A  and  that  cast  in  the  3/1*“  thick 
mold  as  3A.  The  two  ingots  and  sprue  appear  in  Figure  f>. 

The  experience  with  the  first  ingot  indicated  that  the  alloy  could  be 
handled  without  resorting  to  extreme  precautions  to  prevent  cracking. 
Therefore,  ingots  2A  and  3A  were  removed  from  the  sprue  with  an  abrasive 
cut-off  wheel.  After  the  ingots  were  removed  from  the  sprue  they  were 
given  a  3000°F  stress  equalization  anneal  for  i*  hours,  sectioned  for  metal- 
lographic  and  chemical  analyses,  machined  and  ground  to  extrusion  billet 
size  (2. 5“  diameter  by  U« 25'*  long),  and  ultrasonic  and  dye  penetrant  in¬ 
spected.  Upon  sectioning  to  billet  length  both  ingots  were  found  to 
contain  large  shrink  cavities.  This  was  attributed  to  the  short  pour  and 
a  resultant  lack  of  molten  metal  in  the  sprue  cavity  during  ingot  solidi¬ 
fication. 

Ultrasonic  inspection  of  the  two  billets  revealed  that  both  contained 
cracks,  but  billet  2A,  which  was  cast  in  the  1/2”  thick  graphite  mold,  had 
a  sound  section  for  1  3/U"  on  the  end  opposite  the  sprue.  These  results 
indicated  that  this  new  mold  which  was  designed  to  reduce  the  solidification 
and  cooling  rates  did  result  in  less  cracking  in  the  ingots.  The  two 
billets,  as-ground  and  with  dye  penetrant  developer,  are  also  shown  in 
Figure  3. 
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To  obtain  additional  stock  for  further  rolling  and  mechanical  property 
evaluation  of  the  68W-20Ta-12Mo  alloy,  a  fourth  centrifugal  casting  consisting 
of  two  extrusion  billets  was  made.  The  material  used  in  this  casting  was  ob¬ 
tained  from  the  skull  and  sprue  of  the  third  casting  and  recycle  material  from 
the  second  casting.  The  production  of  a  partially  sound  ingot  during  the  third 
casting  attempt  in  the  i/2”  thick  graphite  mold  as  compared  to  the  unsound 
ingot  produced  in  the  3/1*"  thick  graphite  mold  indicated  that  the  1/2"  thick 
mold  with  the  slower,  more  uniform  cooling  and  solidification  rate  would  have 
a  greater  potential  of  producing  a  sound  ingot.  Therefore,  for  this  fourth 
casting,  the  1/2"  thick  mold  was  employed  for  both  ingots. 

The  pour  was  successful  in  producing  two  ingots  identified  as  1*A  and  $h 
shown  in  Figure  6.  After  the  ingots  were  removed  from  the  sprue,  they  were 
processed  in  a  manner  identical  to  ingots  1A,  2A  and  3A,  i.e.,  they  were 
given  a  3000°F  stress  equalization  anneal  for  four  hours,  sectioned  trans¬ 
versely  to  provide  end  slices  for  metallographic  and  chemical  analyses,  machined 
and  ground  to  extrusion  billet  size,  and  ultrasonic  and  dye  penetrant  inspected. 

Upon  sectioning,  both  ingots  were  found  to  contain  large  shrink  cavities. 
Ultrasonic  inspection  revealed  that  the  shrink  cavities  extended  approximately 
2/3  of  the  way  into  the  ingots.  It  also  revealed  that  ingot  5A  was  cracked 
from  end  to  end.  Ingot  1*A,  although  partially  cracked,  contained  approximately 
21'1  of  sound  material  on  the  end  opposite  the  sprue. 
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Figure  $.  Ingots  and  Sprue  of  The  Centrifugal  Cast  68W-2OTa-12Mo  Alloy. 

Billet  2A  was  Machined  from  the  Ingot  on  the  Right  and  Billet  3A 
from  the  Left. 


Previous  examination  of  ingots  revealed  that  the  cracking  apparently 
was  associated  with  the  shrink  cavity  present.  Ingots  that  exhibited  the 
most  shrinkage  were  excessively  cracked.  This  difficulty  could  be  eliminated 
by  filling  the  sprue  with  molten  metal  so  that  it  would  act  as  a  hot  top  and 
would  feed  the  shrinkage  cavity  as  the  ingots  solidified.  An  increased 
charge  weight  was  used  in  the  fifth  centrifugal  casting  (of  two  ingots,  6A 
and  7A)  in  an  effort  to  fill  the  3prue,  and  thereby  minimize  the  shrinkage 
and  cracking  found  in  previous  ingots.  Both  the  ingots  were  cast  in  l/2n 
thick  graphite  molds  to  produce  slow  uniform  solidification  and  cooling* 

Qremet  offered  to  remelt  and  recast  this  heat  when  the  amount  of  metal 
in  the  first  pour  was  less  than  anticipated.  The  second  attempt  was  success¬ 
ful  in  producing  a  casting  containing  the  adced  metal  in  the  sprue.  Visual 
examination  of  these  two  ingots,  6A  and  7A,  a  \  ^r  grinding  revealed  only 
slight  cracking  and  no  shrink  cavities.  The  shrink  was  all  in  the  sprue 
portion.  Inspection  by  visual,  ultrasonic  and  uie  penetrant  techniques  in¬ 
dicated  that  ingot  7A  was  free  of  all  defects;  it  c  wtained  no  shrink  cavity 
or  cracks.  Ingot  6A  was  free  of  shrink  cavity  but  contained  a  large  radial 
crack  which  could  have  been  caused  by  rough  handing  during  shipment. 

On  the  strength  of  the  successful  casting  oi  ingot  7A,  an  additional 
casting  was  produced  using  the  same  conditions.  Visual  examination  of  these 
two  ingots,  identified  as  8A  and  9A,  after  grinding  showed  minor  shrink 
cavities  with  associated  cracking  on  the  sprue  ends.  In  Table  II,  it  can 
be  noted  that  this  casting  weight  was  slightly  less  than  for  6A  and  7A. 

The  final  casting  of  this  alloy  was  made  with  only  one  modification  in 
procedure,  i.e.,  the  wall  thickness  of  one  of  the  two  mold  liners  was  re¬ 
duced  to  5/16".  The  ingot  produced  in  this  thinner  graphite  mold  liner 
showed  no  visual  or  die  penetrant  indication  of  surface  cracks  and  appeared 
free  of  internal  defects  in  the  ultrasonic  inspection.  Two  views  of  this 
casting  from  which  ingots  10A  and  11A  were  removed  are  shown  in  Figure  7» 
Ingot  11A  was  cast  in  the  5/16"  'onick  graphite  liner.  It  is  significant  to 
note  that  this  -aries  of  modifications  in  melting  procedures  not  only  pro¬ 
vided  material  for  deformation  studies  and  evaluation  at  each  step,  but  also 
culminated  in  the  production  of  a  sound  ingot  from  which  a  major  portion  of 
the  mechanical  property  data  were  obtained. 
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2,  Chemical  Analyses 

Consolidation  of  the  refractory  metal  alloys  to  produce  sound  ingots 
is  one  task.  A  second  and  equally  important  task  is  that  of  meeting  the 
specifications  for  both  interstitial  elements  and  intentional  alleging 
additions. 

Complete  chemical  analyses  representative  of  each  centrifugal  casting 
attempt  have  been  obtained.  The  major  alloying  elemente,  tungsten,  tantalum, 
and  molybdenum,  as  well  as  interstitial  elements  were  within  limits  which 
are  considered  acceptable. 

Due  to  the  low  yield  obtained  by  vacuum  centrifugal  casting  of  small 
ingots  it  is  desirable  to  recycle  as  much  material  as  possible  from  previous 
attempts.  To  accomplish  this,  sprues,  electrode  stubs,  skulls,  and  machin¬ 
ing  chips  from  earlier  attempts  were  crushed  and  blended  with  the  required 
quantity  of  new  material  to  prepare  the  electrode  for  each  new  attempt. 

For  this  reason  analysis  of  interstitials  was  determined  for  each  ingot 
produced.  Complete  chemical  analyses  of  all  of  the  68W-20Ta-12Ho  alloy 
cast  in  the  program  are  listed  in  Table  HI  along  with  the  analytical 
techniques  employed. 

The  amount  of  interstitial  contamination  encountered  during  recycle 
casting  appears  to  be  low.  The  carbon  content,  which  would  be  expected  to 
show  the  greatest  increase  due  to  contamination  from  the  graphite  molds, 
decreased  with  each  recycle  and  was  held  at  a  low  level  until  the  thinnest 
mold  was  used  in  the  final  casting.  A  very  fine  pinhole  leak  in  the  cru¬ 
cible  developed  at  the  end  of  the  third  melt  (ingots  2A  and  3 A)  and  re¬ 
sulted  in  oxygen  contamination  up  to  80  ppm. 

The  interstitial  level  of  the  fourth  melt  (ingots  UA  and  !>A)  was  much 
lower  than  in  the  previous  melts  even  though  the  charge  material  was  largely 
recycle  from  the  previous  melt.  The  oxygen  content  was  reduced  by  approxi¬ 
mately  £0$.  The  carbon  content,  which  during  the  third  pour  had  been  re¬ 
duced  by  22$  (from  the  second  pour),  was  reduced  even  further  to  16  ppm. 

These  results,  shown  graphically  in  Figure  8,  confirm  that  recycling  of 
this  alloy  by  a  double  vacuum  arc  melting  and  centrifugal  casting  technique 
can  produce  ingots  within  close  chemical  composition  tolerances  and  with 
low  interstitial  levels. 

The  fifth  melt  produced  ingots  6A  and  7A.  The  oxygen  level  for  the  fifth 
melt  (ingots  6A  and  7A)  was  lower  than  that  in  all  previous  castings.  In 
addition  the  total  interstitial  content  of  these  two  ingots  was  lower  than 
for  any  previous  ingot.  The  average  oxygen  and  carbon  levels  for  this  casting 
were  both  22  ppm. 

The  final  two  castings  produced  billets  8A,  9A,  10A  and  11A  and  provided 
more  evidence  that  the  melting  and  oasting  procedures  yielded  gxri  control 
over  the  major  alloying  elements.  The  interstitial  level  of  billets  8A  and 
9A  was  about  equivalent  to  the  preceding  melt.  In  the  last  melt  which  utilized 
a  thinner  graphite  mold  for  ingot  HA  the  oxygen  content  increased  to  the 
level  shown  in  the  fourth  melt  while  the  carbon  was  the  highest  of  any  of  the 
melts  produced.  The  carbon  increase  is  assumed  to  have  resulted  fro®  a  longer 
exposure  of  the  alloy  ingot  to  the  graphite  mold  at  elevated  temperatures* 

The  thinner  mold  acted  as  less  of  a  heat  sink  while  the  tungsten  alloy  mass  cooled 
in  the  vacuum  chamber. 
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CHEMICAL  ANALYSES  OF  CENTRIFUOALLY  CAST  68W-2QTa-12Mo  ALLOY 
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Average  Carbon  and  Oxygen  Analyses  for  Successive 
Centrifugal  Casting  Heats  Using  Recycle  Material, 


3»  Ingot  Microstructures 


Photomicrographs  of  the  first  throe  ingots  appear  in  Figure  9*  The 
structures  of  all  three  consisted  of  clean,  equ taxed  grains  approximately 
ASTM  1*  in  ?ize.  A  minor  amount  of  very  fine  porosity  was  found  throughout 
the  structure.  Examination  of  samples  from  both  ends  of  the  ingots  re¬ 
vealed  that  the  structures  were  uniform  throughout,  with  some  coring  exist¬ 
ing  within  the  as-cast  grains.  Photomicrographs  showing  the  effect  of 
30G0*  and  liOOO*F  anneals  on  the  as-cast  structure  are  shown  in  Figure  10. 
The  coring  appears  to  have  been  minimized  by  the  1*000 *  treatment .  To 
quantitatively  determine  the  magnitude  of  the  coring  and  the  efii-'ts  of 
various  heat  treatments  a  series  of  elf  tron  microprobe  traverses  were 
conducted  on  material  from  the  second  casting  heat  (ingot  2A)*.  The 
material  evaluated  was*  (l)  as-cast,  (2)  as-cast  plus  a  vacuum  anneal 
for  1  hour  at  3700*F,  (3)  as-cast  plus  a  vacuum  anneal  for  1  hour  and 

1*  hours  at  l*000oF,  The  results  of  thib  study  are  tabulated  in  Table  IV* 

The  data  show  that  the  coring  was  not  as  severe  as  indicated  by  etching 
response  and  that  it  could  be  reduced  by  long  time  anneals  in  the  1*000*F 
temperature  range.  No  change  was  observed  after  1  hour  at  3700°F.  The 
photomicrographs  in  Figure  11  show  the  as-cast  structure  at  high  magnifica¬ 
tions.  The  differential  etching  response  certainly  appears  to  be  on  a 
microscale  rather  than  a  macro  segregation  effect. 

It  is  known  in  the  metal  processing  field  that  heat  treatment  alona 
will  not  completely  remove  coring,  but  that  combinations  of  both  working 
and  heat  treatment  are  required.  Examination  of  the  micr  ^structures  of 
the  as-extruded  material  revealed  that  the  coring  had  t&en  eliminated  to 
the  point  that  it  was  undetectable  by  etching  response.  This  indicates 
that  the  high  extrusion  temperature  and  the  working  associated  with  the 
extrusion  process  are  adequate  to  eliminate  the  coring  observed  in  the 
as-cast  structure.  The  long  times  and  high  temperatures  required  to  re¬ 
duce  the  observed  coring  without  working  make  it  impractical  in  consider¬ 
ation  of  the  minor  amount  of  improvement  observed,  particularly  when  the 
coring  is  eliminated  in  the  extrusion  operation. 

Metallographic  examination  of  the  68W-20Ta-12Mo  alloy  ingots  1*A  and 
5A  in  the  as-cast  condition  revealed  clean  equiaxed  grain  structures 
approximately  ASTM  2-3  in  size.  Photomicrographs  of  this  structure  appear 
in  Figure  12.  Unlike  ingots  2A  and  3A,  no  porosity  was  found  within  the 
structure.  The  slightly  larger  grain  size  and  smaller  amount  of  porosity 
in  these  ingots  as  compared  with  the  first  three  heats  are  a  result  of  a 
slower  cooling  rate  with  the  thinner  graphite  mold  liner.  Examination  of 
samples  from  both  ends  of  the  ingots  revealed  that  the  structure  was  uni¬ 
form  throughout.  Electron  photomicrographs  of  the  as-cast  structure 
revealed  that  the  material  was  exceptionally  clean.  For  example,  the 
typical  grain  boundary  shown  in  Figure  22  at  10,000X  magnif ication  has  only 
a  minor  amount  of  a  second  phase* 


if 

The  raicroprobe  data  were  supplied  by  Mr.  J.  Gow  of  the  Air  Force  Materials 
Laboratory, 
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Microstructure  of  68W-20Ta-12Mo  Alloy  from  Centrifugal 
Cast  Billet  #1  (a)  As  Ca3t  (b)  As  Cast  Plus  lj  Hot, 
3000°F  Stress  Equilization  Anneal,  (c)  As  Cast  Plus 
i»  Hour,  U000°F  Stress  Equilization  Anneal.,-  100X 


TABLE  17 

MICROPRO  BE  ANALYSES  OF  SgTOitD  HEAT  OF  68tf-2OTa»12Ho 
FOR  CORING  STuJT 


Percent  Change  From  Nominal  Analyses. 
W  Ta  Mo 


Condition 


20,000X 


Figure  11.  Electron  Photomicrograph  of  the  68Vi-20i'a-12Mo  As- 
Cast  Cored  Structure. 


Billet  $k 
100X 


Billet  5k 


Typical  photomicrographs  of  the  as-cast  structure  representative  oi 
ingots  6A,  7A,  8A,  and  9A  appear  in  Figure  13.  The  microstructure  of 
these  ingots  consisted  of  a  clean,,  essentially  single  phase  structure  of 
about  ASTM  2  in  grain  size. 

The  micro structure  of  the  final  68W-2GTa-12Mo  casting  is  represented 
by  ingot  11A  as  shown  jn  Figure  Hi.  The  grain  size  appears  to  be  about  the 
same  or  slightly  finer  than  that  shown  for  the  previous  casting.  The  higher 
magnification  3hows  a  few  spherical  particles  along  the  grain  boundary* 

The  structure  does  not  show  obvious  defects  nor  massive  grain  boundary  pre¬ 
cipitates  which  would  be  plastic  flow  deterrents.  The  raicrostruature  is 
uniform  throughout  thus  presenting  a  good  structure  with  which  to  begin  de¬ 
formation  studies. 

Deformation  Studies 

1.  Extrusion 

Extrusion  is  the  optimum  process  for  initial  bieakdown  of  the  castings 
in  order  to  obtain  bar  stock  suitable  for  metallurgical  and  mechanical 
property  evaluation  and  for  subsequent  secondary  working  studies.  Ultra- 
high,  temperature  extrusion  was  utilized  to  accomplish  this  breakdown. 
Extrusion  was  conducted  with  the  TRW  700-ton  Loewy  fully  instrumented 
horizontal  press.  Heating  was  conducted  in  a  quick  opening  30  KW  argon 
filled  induction  furnace  capable  of  heating  3'*  diameter  billets  above  h000*F. 
The  extrusion  dies  were  prepared  from  AISI  H-21  die  steel  and  were  heat 
treated  to  a  hardness  of  52-5U  Rc«  Die  entrance  and  orifice  surfaces  *jre 
coated  with  a  .020"  thick  layer  of  zirconia  to  minimize  die  wash. 

The  68W-20Ta-12Mo  centrifugal  cast  ingots  which  had  been  finish  ground 
to  2.5"  diameter  by  U.25"  long  as  shown  in  Figure  15  were  canned  to  3.06" 
diameter.  The  cans  weie  prepared  by  machining  cavities  the  exact  size  of 
the  billets  in  3.06"  diameter  Mo-0,5%  Ti  bars,  Figure  16.  Interior  and 
exterior  surfaces  of  the  forward  can  ends  were  machined  to  match  the  120* 
included  angle  employed  both  for  the  die  entrance  and  the  billet  noze  geo¬ 
metry.  Prior  TRW  experience  during  extrusion  of  canned  refractory  metal 
billets  at  lower  temperatures  had  shown  that  these  matching  configurations 
facilitated  uniform  co-exfcrusion.  Butt  end  caps  were  TIG  welded  to  the 
cans  in  an  argon  filled  chamber. 

Lubrication  practice  employed  during  extrusion  consisted  of  spraying 
a  1  to  1  by  weight  mixture  of  sodium  silicate  and  graphite  on  both  the 
press  liner  and  the  die  surfaces. 

It  was  initially  anticipated  that  the  difference  in  strength  at  the 
extrusion  temperature  between  the  Mo-0. 5%  Ti  cans  and  the  68W-20Ta-12Mo 
alloy  billets  might  result  in  poor  co-extrusion.  If  this  happened  it  would 
not  have  been  possible  to  obtain  the  minimum  ii  to  1  area  reduction  con¬ 
sidered  necessarv  to  obtain  relatively  uniform  working  throughout  the  ex¬ 
trusion  cross  section.  For  this  reason  the  first  three  canned  billets  were 
extruded  at  higher  total  (billet  plus  can)  area  reduction  ratios.  The 
ratios  employed  were  5  to  1  for  billet  1A,  6  to  1  for  billet  2A,  and  6Ji 
to  1  for  billet  3A. 


a 


b 


Figure  15.  Centrifugal  Cast  Billet  LA,  68W-20Ta-12Mo.  (a)  As  Finished 
Ground,  (b)  With  Die  Penetrant  Showihg  Crack  Pattern. 

?8 


Figure  16.  Typical  Finished  Machined  Mo-f'.f#Ti  Can  and  Cap  within  which 
the  Centrifugal  Cast  68W-20Ta-12Mo  Billets  were  Sealed 
and  Extruded. 
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The  canned  billets  were  slowly  induction  heated  to  extrusion  teaper- 
ature  in  argon,  allowed  to  soak  for  10  minutes^  and  extruded.  Billet 
temperatures  were  measured  with  W-3?  Re  versus  W-26$S  Re  thermocouples. 

The  thermocouple  wires  used  were  certified  to  generate  within  ±2#  of  a 
standard  eraf. 

All  three  billets  were  successfully  extruded,  Figure  1?.  The  extru¬ 
sion  data  are  listed  in  Table  V.  The  M>-0. 5$  Ti  surfaces  were  excellent 
and  diameter  measurement  indicated  virtually  no  variation  from  nose  to 
tail  of  each  extrusion.  Further,  the  extrusion  dies  showed  no  indication 
of  die  wash. 

After  extrusion  the  three  bars  were  cropped,  sectioned,  and  examined 
to  evaluate  the  effects  of  the  high  temperature  conversion  step  upon  the 
structure  and  the  crack  patterns  observed  i..  the  billets.  This  examination 
revealed  that  the  cracks  in  the  starting  billets  were  to  a  great  extent 
eliminated  by  the  high  pressures  and  temperatures  associated  with  the 
extrusion  process. 

After  the  extrusions  were  cropped  each  was  cut  into  sections  from 
which  samples  were  taken  for  further  evaluation.  Bar  1A  was  cut  as  shown 
in  Figure  18  into  three  2"  long  sheet  bars,  thirteen  recrystallization 
samp'  'is,  and  two  sections  from  which  tensile  specimens  were  machined. 

Bar  2A  was  sectioned  into  sheet  bars  to  be  used  in  rolling  studies.  Figure 
19.  Bar  3A  was  cut  into  sections  for  3000,  3500,  and  U000*F  creep  rupture 
tests.  Each  of  these  as-sectioned  surfaces  were  ground,  polished,  etched, 
dye  penetrant  inspected,  and  examined  at  100X  for  defects.  Only  a  few 
minor  defects  were  found  in  bars  1A  and  3A  and  bar  2A  was  free  of  defects. 

In  bar  1A  minor  raicroporosity  was  found  in  the  rear  portion  of  the  extru¬ 
sion.  Bar  3A  contained  a  few  spots  of  raicroporosity  in  the  forward. end. 

This  sect ion- by-sect ion  examination  also  revealed  that  the  Mo-O.5/8  Ti 
can  material  had  uniformly  co-extruded  throughout  the  length  of  each  extru¬ 
sion.  Dye  penetrant  and  raetallographic  inspection  of  the  interface  between 
the  two  materials  subsequently  indicated  that  a  metallurgical  bond  had  been 
formed.  These  excellent  co-extrusion  results  are  apparent  in  Figure  19. 

Metallographic  exarainaticu  of  the  three  bars  was  conducted  to  determine 
the  type  of  structure  prod'.  .  Bar  1A  had  a  microstructure  that  was  UO  to 
6(3$  rscrystallized,  while  bars  2A  and  3A  were  almost  completely  wrought. 
Photomicrographs  of  the  as-ext.  uded  structures  appear  in  Figure  20.  It  is 
probable  that  the  differences  in  microstructures  is  a  result  of  slightly 
higher  reduction  ratios  for  2A  and  3A  and  some  retardation  of  recrystalliza¬ 
tion  for  these  two  bars  as  a  result  of  the  higher  oxygen  contents  (Table  III). 

In  an  effoit  to  avo:  i  even  partial  recrystallization  of  the  extrusions 
as  experienced  with  the  first,  three  billets  with  extrusion  temperatures  of 
about  39bO*F,  billets  !iA  and  £>A  were  extruded  at  lower  temperatures  (3710* 
and  3500*F  respectively).  The  extrusion  pressures  as  shown  in  Table  V  in- 
.-ca, .ed  that  3700*5'  was  about  the  minimum  temperature  for  this  reauction 
and  this  al.ioy  it.  the  700-ton  press.  The  extrusions  were  rmsea  like  the 
first  < in  appearance  a«  car.  be  seen  in  Hgure  21. 


3  1 

H  O 

^  a 

§ 

§ 

* 

UN 

s 

a 

31  8 

-1 
*rt  . 

• 

1 

a 

3|  ^ 

—4  M 

UN  0\ 

#•* 

8 

£ 

UN 

3 

3 

31  | 

H  O 
«•  • 
un  r- 

8 

* 

§ 

Q 

UN 

a 

5 

31  $ 

#-l  vO 

-3  <* 

§ 

§ 

'O 

s 

3 

31  £ 

r-4  CM 

w  • 

■°  a 

§ 

8 

* 

3 

'O 

a 

31  $ 

**N 

H  vO 

*  3 

§ 

§ 

•* 

3 

a 

f  r  ** 


l 

[ 

i 

I 

i 


t 


Figure  18.  (a)  Photograph  of  68W-20Ta-12Mo  F-xtruaion  #1, 

(b)  Photograph  showing  how  extrusion  was  selected 
for  evaluation. 


amwT’ 


Extrusion  1A 


Extrusion  2A 


Extrusion  3A 


Figure  °0.  Representative  Microstruotures  of  Three  68W-20l8-12*io 
Extrusions,  Longitudinal.  100X 
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Metallographic  evaluation  of  extrusions  kA  and  $A  shoved  the  micro¬ 
structure  was  very  nearly  a  true  wrought  structure.  Both  bars  were 
examined  and  the  microstructures  in  Figure  22  are  typical  of  both. 

An  attempt  was  made  to  extrude  billet  6A  to  a  rectangular  (0.8"  x 
1.25”)  bar.  This  shape  would  facilitate  rolling  studies.  However,  the 
press  stalled  when  only  a  minor  portion  of  the  billet  had  extruded  into 
this  cross  section.  The  increased  pressure  requirements  for  the  extrusion 
of  this  section  are  made  apparent  by  considering  vhat  this  5  to  1  reduc¬ 
tion  stalled  the  press  at  a  billet  temperature  of  3900°F  while  bA  was 
successfully  extruded  to  rod  using  a  5.5  to  1  ratio  at  37108F. 

Billet  7A  was  successfully  extruded  to  a  round  with  a  5«5  to  1  re¬ 
duction  at  3750°F.  The  extrusion  surface  quality  and  dimensional  uniform¬ 
ity  was  comparable  to  previous  extrusions.  The  microstructure  resulting 
is  shown  in  Figure  23.  The  initiation  of  recrystallization  is  apparent. 

This  observation  and  the  fact  that  the  extrusion  pressures  were  lower  than 
those  obtained  with  5A  at  3800°F  indicates  that  the  bar  was  probably  at  a 
higher  temperature  than  planned. 

Billets  8A  and  9A  were  scheduled  for  extrusion  at  a  5  to  1  reduction 
at  3700°F  to  Drovide  additional  wrought  material.  The  two  billets  were  sound 
throughout  approximately  half  of  their  lengths.  The  cracks  were  apparent  on 
the  surfaces  and  ultrasonic  inspection  revealed  internal  porosity  or  defects 
as  shown  in  Figure  2h.  The  extrusion  press  failed  to  go  into  high  pressure 
when  the  ram  advanced  on  8A  thus  necessitating  reheating  of  this  billet. 
Difficulty  was  experienced  in  reaching  3700°F  during  reheating.  The  billet 
was  extruded  at  3500°F.  Thu  bar  fractured  in  several  places  during  the 
extrusioi.  Since  the  oxygen  and  carbon  contents  of  this  ingot  were  low  by 
comparison  with  other  heats  and  the  microstructure,  Figure  13,  was  similar 
to  other  heats  it  was  concluded  that  the  fractures  resulted  from  the  use  of 
a  lower  extrusion  temperature  than  for  previous  extrusions.  Although  8A 
fractures  in  several  places  there  was  material  available  for  tensile  tests 
and  microstructural  evaluation.  Photomicrographs  of  the  as-extruded  struc¬ 
ture  are  shown  in  Figure  25. 

The  induction  heating  of  billet  9A  v._3  interrupted  after  four  minutes 
when  the  thermocouple  malfunctioned.  At  this  time  the  temperature  was 
estimated  to  be  650°F.  After  replacement  of  the  thermocouple  the  billet 
was  heatsd  normally  to  3690°F  for  extrusion.  This  extrusion  was  also  frac¬ 
tured  as  shown  in  Figure  26.  The  fracture  mode  indicated  that  cracks  in 
the  ingot  propagated  during  extrusion.  This  problem  may  have  resulted 
from  the  heating  and  cooling  immediately  before  e  .trusion  as  a  result  of 
the  thermocouple  failure.  The  fact  that  both  8A  and  9A,  the  only  unsatis¬ 
factory  round  extrusions,  came  from  the  same  heat  is  not  thought  to  be  the 
significant  factor. 

The  micro structure  of  extrusion  9A  was  similar  to  that  of  8A  although 
more  cc  .rse  as  can  be  seen  In  Figure  27.  Some  fracturing  on  a  micro  scale 
can  be  observed  as  voids  at  grain  boundary  intersections  (triple  points). 
These  voids  at  triple  points  were  observed  in  the  microstructures  of  most 
of  the  extrusions  in  the  wrought  areas.  The  beginning  of  recrystallization 
is  also  apparent  in  both  sections. 


Trans /erse 

Figure  22.  Kicrostructures  of  68V-2CA'a~12Mo  Extrusions  Typical  of  Bot 
i*A  and  5A  As-Extruded. 


Transverse 

Fif/ure  23.  Microstructure  of  Extrusion  7A,  68’W-20Ta-12Mo  Alloy 
As-Extruded.  1001 
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Figure  27.  Microstructure  of  Extrusion  9k  -  o8V.'-20Ta- 12Mo  Alloy 


Billets  10A  and  11A  were  both  extruded  with  success  at  3900°F  and 
38?0#F  respw . ively .  These  are  3hown  in  Figure  28.  The  microstructures 
of  both  extrusions  (Figure  29)  were  essentially  wrought  with  only  slight 
recrystallization  apparent  even  though  relatively  higher  temperatures 
were  used.  As  shown  in  Figure  8  the  oxygen  and  carbon  levels  were  high¬ 
est  in  this  heat.  The  higher  carbon  content  nay  have  contributed  to  a 
higher  recrystallizatign  temperature  although  this  effect  is  questioned 
by  some  investigators^).  Differences  in  cooling  rates  inherent  in  the 
extrusion  into  a  trough  containing  sand  also  result  in  variations  in  as- 
extruded  microstructure. 

Eight  of  the  eleven  billets  of  this  alloy  were  extruded  successfully, 
two  with  marginal  success,  and  one  stalled  the  press  in  attempting  the 
rectangular  extrusion.  The  primary  breakdown  by  the  extrusion  process 
thus  has  been  demonstrated  io  be  a  very  satisfactory  procedure  for  the 
68W-20Ta-12Mo  alloy. 

2*  Forging,  Rolling  and  Swaging 

The  secondary  working  studies  of  the  68W-2OTa-12Mo  alloy  were  made  to 
determine  whether  this  alloy  could  be  considered  for  potential  sheet  and 
bar  applications.  These  studies  were  made  with  the  Mo-0. 5$  Ti  co-extruded 
envelope  on  the  surfaces  of  the  alloy.  For  example,  the  sheet  bars  in 
Figure  19  were  2"  lengths  of  the  1.3"  diameter  extrusions.  For  protection 
of  the  ends,  l/b"  thick  Mo-0. 5$  Ti  caps  were  TIG  welded  to  the  Mo-0_5$  Ti 
envelope.  The  heating  operations  were  accomplished  with  a  30KW  induction 
furnace  filled  with  flowing  argon.  Temperatures  were  measured  with  an 
optical  pyrometer  calibrated  against  a  W-3$Ife  versus  W-26$  Re  thermocouple. 
Transfer  time  from  the  furnace  to  the  forging  press  or  rolling  mill  was 
approximately  5  seconds.  Working  conditions  and  results  for  both  flat 
forging  and  direct  rolling  are  summarized  in  Table  VI, 

a.  Forging 

Fully  recrystallized  sheet  bars  from  extrusion  1A  were  flat  forged 
at  3350,  3800,  and  hlOO°F  on  a  fast  acting  hydraulic  press  with  the  results 
shown  in  Figure  30.  Metallographic  and  visual  evaluation  of  these  flat  forged 
samples  indicated  that  38CO°F  was  the  preferable  hot  working  temperature  for 
the  extruded  and  recrystallized  68W-20Ta-12Mo  alloy.  In  an  effort  to  confirm 
this  indication  and  provide  rectangular  stock  for  rolling,  the  initial  sheet 
bar  from  extrusion  2A  was  side  forged  in  the  fully  recrystaliized  condition 
with  a  reduction  of  10$  at  3800°F.  This  sample,  unlike  the  previous  one  from 
extrusion  1A,  cracked  severely.  After  this  failure,  five  additional  sheet  bar 
samples  from  2A  were  flat  forged  In  the  fully  recry swllized  condition  at 
temperatures  cjth  above  and  below  3800°F  in  an  effort  to  establish  a  satisfactory 
working  temperature.  Within  the  range  3700  to  Lt000°F  all  samples  forged  ex¬ 
hibited  severe  cracking.  Figure  31.  Metallographic  examination  of  the  frac¬ 
ture^  within  tne  samples  revealed  that  all  failures  occurred  in  an  intergranular 
manner.  In  subsequent  efforts  to  evaluate  the  side  forging  characteristics 
of  unrecrystalli  zed  stock,  samples  10  through  li*,  prepared  from  extrusion  3A, 
were  forged  \th  varying  degrees  of  deformation  betw»"n  28uu°F  and  3800°F. 
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:* Samples  labeled  RX  vere  given  a  1.5  hours  -  31400*7  heat  treatment  to  impart  complete  reorganization, 
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hese  samples  also  failed  to  deform  satisfactorily  without  cracking. 
v'otallographic  examination  of  the  fractures  in  these  samples  indicated 
'•'hat  the  fracture  mode  was  intergranular  at  3800*F,  Figure  32,  and  was 
both  intergranular  and  transfcranular  from  2800  to  3500rF,  Figure  33. 

In  all  cases  the  flat  forged  samples  fraotured  in  the  plane  of  maximum 
tensile  stress.  These  results  indicate  that  the  60W-20Ta-12Mo  extrusions 
from  the  third  centrifugal  casting  attempt  (ingots  2A  and  3A)  were  low 
!n  ductility  at  temperatures  as  high  as  b000*F. 

Tho  only  promising  side  forging  result  was  the  one  bar,  #3  from 
extrusion  1A,  which  was  reduced  30  %  at  3800°F  in  the  recrystallized  con¬ 
dition.  A  crack  was  apparent  in  that  samp3.e  but  microscopic  examination 
had  indicated  that  it  originated  in  an  area  showing  aligned  raicroporosity. 
The  disappointing  deformation  results  from  ingots  2A  and  3 A  were  inooi>- 
olusive  because  of  the  relatively  higher  oxygen  content  of  that  casting* 
Therefore,  when  ingot  $A  was  prepared  with  a  lower  oxygen  level,  the 
3800°F  side  forging  test  was  repeated  with  a  w^cught  sample. 

The  extrusion  5A  sample,  #18,  cracked  when  side  forged  30#  at 
3800*1''.  The  temperature  was  raised  to  b000*F  and  -sample  #19  was  forged 
30$.  This  sample  aloo  cracked,  Figure  3b.  After  examining  these  samples, 
the  temperature  was  reduced  to  3000*F  and  sample  #20  was  successfully 
forged  10$  without  cracking.  The  sample  was  annealed  for  1/2  hour  at 
3200 *F  to  provide  for  stress  relief  and  some  recovery  without  recrystalli- 
zation  and  re-forged  an  additional  10$  at  3000*F.  This  reduction  resulted 
in  the  cracks  in  the  sample  shown  in  Figure  35*  Sample  #21  was  forged  10$ 
at  3000°F  in  an  effort  to  reproduce  the  results  obtained  with  sample  #20. 
It  was  planned  to  reduce  the  amount  of  reduction  in  the  second  operation, 
but  inspection  of  the  sample  after  forging  revealed  a  crack. 

Metallographic  examination  of  tho  sheet  bars  from  extrusion  5A 
disclosed  that  the  samples  forged  at  3000*F  failed  in  an  intergranular 
manner.  This  fracture  mode  is  believed  due  to  grain  boundary  weakness 
resulting  from  interstitials.  This  type  of  failure,  coupled  with  the 
change  in  the  mode d  deformation  observed  between  2500*  and  3000*F  in 
the  tensile  tests  discussed  in  the  following  section  indicated  that 
future  deformation  studios  should  be  conducted  in  the  range  between 
?500*F  and  3000*F  with  lower  interstitial  content  material. 

With  the  extrusion  of  billet  7AP  bar  stock  became  available 
for  deformation  studies  on  material  having  lower  interstitial  content. 

In  view  of  the  tensile  elongation  (25$  at  2500*F)  obtained  from  7A  and 
the  typo  of  fracture  mode  (intergranular)  observed  in  forging  samples 
#20  and  #21  from  extrusion  5A,  2500*F  was  selected  as  the  forging  temper¬ 
ature  for  7A.  Forging  trials  were  conducted  by  side  forging  2  samples 
10$  at  2500 *Fj  one  sample  was  fully  recrystallized  and  the  other  wrought. 
Both  samples  fractured  on  forging  in  the  same  general  manner  as  observed 
previously,  i.e.,  by  the  formation  of  a  longitudinal  crack  along  tho  aids 
of  the  bar  whose  plane  was  parallel  to  the  direction  of  working,  see 
bars  5  and  9  in  Figure  31.  The  cracking  was  observed  to  be  more  severe 
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Bar  #5  10*  Reduction  at  3800*F 


Bar  #6  50*  Reduction  at  3800*F 


Bar  #9  10*  Reduction  at  3?00*F 


Bar  #  8  10*  Reduction  at  iiOOO'F 


Figure  31.  Photographs  of  Side  Forged  Recrystallized  68W- 201 a-12Mo 
Sheet  Bars  from  Extrusion  2A, 
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Bar  #7 


lOjt  Reduction  at  3900*F. 


Bar  #9 


10*  Reduction  at  3700aF. 


Figure  32.  Photomicrograpns  of  Typical  Fracture  Mode  of  Sheet  Bars 
From  Reerystailized  E:drusion  2A  Forged  Between  3700*F 
md  U000*F.  100X 
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Bar  #1 ii  505^  Reduction  at  2800*F 
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Bar  #12  10*  Reduction  at  3250*F 
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Bar  #11  20*  Redurtion  at  35009F 


Figure  33.  Photomicrographs  of  Typical  Fractuie  Mode  of  Sheet  Bars 
Forged  Between  2800°F  and  3300°F.  100X 
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Figure  3ii.  Sheet  Bars  #13  and  #19  Side  Forged  30jf  at  3800  and  kOOQ“F 
Bars  in  the  As-Extruded  Wrought  Condition  from  Extrusion 
)?A  -  68W-20Ta-12Mo.  Mo-Q^Ti  Container. 
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lot  Reduction  10$  -  3000°F 


Rad  Reduction  10/f  -  3X0° F 


Figure  35.  Sheet  Bar  #20  After  Being  Successfully  Side  Forged  10jt  at 

3000’F  and  After  Fracture  Upon  Second  10£  Reduction  at  3000°F. 
Sheet  Bar  in  As-Extruded  Cc.Jition  Taken  ft  Extrusion  5A  - 
68W-20ffa-12Mo,  Mo-0, $%  Ti  Container. 
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in  the  r ©crystallized  than  in  the  wrought  est^le.  It  eho.-'id  V  .  ^©d 
that  the  fracture  plane  is  a  plane  of  high  secondary  ienn,  -,s  v  <  ■; . 
induced  into  the  sample  by  the  deformation  process,  ltd:  Urii- 
acting  on  the  weak  grain  boundaries  resulted  in  iniergr-:  orv. 

In  an  effort,  to  reduce  the  tensile  stresses  in  tK  sp.  ■ 
during  forging,  U  samples  from  extrusion  7  A  as-extruded  were  p.  •  j isC 
for  direct  upsetting.  The  samples  were  deliberately  made  wit*  j.ow 
length  to  diameter  ratios  to  induce  l  more  uniform  state  of  compression 
in  the  interior  of  the  sample.  The  first  sample  was  upset  at  2500*F. 

Other  than  minor  end  surface  checks,  presumed  to  have  resulted  from 
chilling  by  the  die,  the  deformation  was  accomplished  successfully.  A 
second  sample  was  upset  U0S6  at  2500*F.  To  eliminate  surface  chilling 
the  sample  was  placed  on  a  1/16"  thick  molybdenum  sheet  which  was  heated 
with  the  sample.  This  sample  experienced  minor  radial  cracks  on  the 
edges  and  checking  on  the  end  surface  of  the  sample  which  wss  not  pro¬ 
tected  by  the  molybdenum  sheet.  Two  additional  samples  were  upset  5056 
at  2500°F  with  molybdenum  sheets  on  both  top  and  bottom.  Examination 
of  the  samples,  shown  before  and  after  upsetting  in  Figure  36,  revealed 
only  minor  radial  cracking  at  th6  edges. 

The  final  forging  studies  were  made  with  material  from  extru¬ 
sions  10A  and  11A  to  evaluate  the  forging  at  temperatures  above  3000*F 
with  bar  from  a  sound  ingot  having  apparently  more  ductility  as  discussed 
in  the  section  to  follow.  The  first  sample,  #30  from  10  A,  was  recrystal¬ 
lized  by  annealing  at  3i*00*F  for  2  hours.  It  was  then  side  forged  at 
‘500°F  for  a  1056  reduction  successfully.  The  sample  was  then  returned 
to  a  furnace  and  held  for  5  minutes  at  2500°F  and  slowly  cooled  to  1500°F, 
and  air  cooled  to  room  temperature.  The  bar  was  reheated  to  3500°F  and 
forged  to  provide  sn  additional  1056  reduction  which  resulted  in  consider¬ 
able  cracking  as  shown  in  Figure  37. 

Two  samples  of  extrusion  11A  were  recrystallized  by  heating  for 
2  hours  at  3ii00°F.  Molybdenum  sheet,  .100"  thick,  was  tack  welded  to  the  ends  of 
the  Mo-0. 556  Ti  cans  and  sample  #31  was  upset  for  a  h056  reduction  in  height 
at  3050’F.  The  second  sample  war-  upeot  hS%  at  320OoF.  Both,  as  can  be 
seen  in  Figure  38,  experienced  oome  rupture  around  the  Ko-O.5/6  Ti  peri¬ 
phery  but  not  the  catastrophic  fracturing  experienced  in  side  forging  and 
rolling  deformations.  Removal  of  t.ie  molybdenum  showed  no  rupturing  on 
the  outer  surfaces  of  the  6<JW-2o?a-12Mo  alloy.  The  second  sample  shov,ed 
two  small  internal  ruptures  which  apparently  originated  with  small  defects 
in  the  Pars. 

b.  R< liing 

As  the  side  forging  results  were  disappointing,  it  was  decided 
to  evaluate  the  feasibility  of  rolling  the  recrystallized  68W-20Ta-12Mo 
alloy  bar  directly  \without  the  intermediate  side  forging).  With  sheet 
'  ar  #13  from  extruso  on  2A  it  was  found  that  the  molybdenum  oxide  from  the 
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Figure  36.  Upset  oamples  Both  Before  and  After  Being  Reduced  5 0 % 
at.  2500°F,  in  the  As-Extruded  Condition.  68W-201’a-12Mo 
Alloy,  Extrusion  7A. 
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10$  Reduction  at  3500“F 


20Jt  Reduction  in  Two  Steps  at  3500*F 

Side  Forged  Bars  of  68W-2CTa-12Mo  from  Recrystallized 
Extrusion  10/.  Mo-0. 5%  Ti  Cover  on  Cuter  Diameter. 


Mo-0.5#  Ti  cover  reduced  the  friction  so  ouch  that  the  bar  would  not 
enter  the  rolls  for  a  30 #  reduotion.  The  sample  was  reheated  to  3800*F 
and  rolled  to  provide  a  20#  reduction.  As  can  be  seen  in  Figure  3 9, 
the  results  were  equivalent  to  those  obtained  by  hydraulic  press  forging. 

Samples  #16  and  #17  from  recrystallized  extrusion  2A  were  canned 
in  massive  rectangular  pressed  and  sintered  molybdenum  cans  in  an  attempt 
to  induce  a  more  uniform  stress  pattern  during  rolling.  These  cans  were 
intended  to  provide  sufficient  side  restraint  upon  the  scund  bar  to  prevent 
fracture  due  to  tensile  stresses  and  to  prevent  chilling  prior  to  rolling. 
The  billets  and  the  molybdenum  cans  are  shewn  in  Figure  1*0.  Sample  #16 
was  rolled  in  one  pass  with  an  initial  20#  thickness  reduction  at  3750*P • 
Examination  after  rolling  revealed  that  only  the  thick  wall  molybdenum  can 
had  deformed.  This  sample  was  then  subjected  to  an  Additional  20#  reduo¬ 
tion  pass  at  3600*F.  Examination  revealed  that  it  was  cracked  parallel  to 
the  rolling  plane.  After  r amoving  an  end  portion  for  mstallographlo 
examination,  the  sample  was  given  a  third  20#  reduction  pass  at  3600*F. 

This  operation  resulted  in  severe  fracturing  of  the  sample  as  shewn  in 
Figure  hi. 

Sample  #17  was  rolled  in  an  identical  manner  to  #16,  except  that 
the  temperature  during  the  second  pass  was  increased  to  3700*F.  This 
sample  also  fractured  during  the  second  pass  in  a  plane  parallel  to  the 
rolling  direction.  Tiuts  it  was  apparent  that  this  material  had  insufficient 
ductility  even  at  3700*F  to  permit  deformation  by  side  forging. or  rolling. 

One  additional  attempt  was  made  to  work  the  68W-20Ta-12Mo  alloy 
by  rolling  when  the  lower  oxygen  content  material  from  ingot  7A  became 
available.  The  two  samples  which  had  been  upset  forged  50#,  (#26  and  #27 
in  Table  VI),  were  stress  relieved  at  2500*F  for  1/2  hour  and  were  con¬ 
ditioned  by  hand  grinding  to  eliminate  the  minor  cracks.  Molybdenum  sheet 
was  heated  with  the  upset  pieces  to  2500*F  and  were  held  on  the  top  and 
bottom  surfaces  of  the  alloy  to  prevent  chilling  by  the  rolls.  The  pieces 
were  rolled  to  provide  20#  and  30#  reductions,  respectively  in  one  pass 
each.  Both  samples  fractured  severely  as  shown  in  Figure  1*2,  The  photo¬ 
micrographs  in  Figure  1*3  show  the  transgranular  shear  fracture  with  only 
occasional  grain  boundary  fracture  propagation  incurred  in  rolling  the 
upset  billets.  The  failure  of  the  alloy  to  deform  under  these  conditions 
resulted  in  the  conclusion  that  no  further  rolling  studies  were  warranted. 
The  remaining  deformation  study  was  to  determine  whether  swaging  provided 
sufficiently  lower  tensile  stresses  to  produce  bar  or  rod  products  with 
the  alloy. 

c.  Swaging 

Eight  samples  were  prepared  from  extrusions  10A  and  11A  for 
swaging.  These  were  0.79"  diameter  by  2.15"  long.  They  were  encased  in 
Mo-0.5#  Ti  bars  as  shown  in  Figure  1*1*  to  reduce  chilling  and  to  provide 
tong  hold  material. 


Bar  #15  20$  Reduction  at  3800*F 


Figure  39.  Sample  From  Recrystallized  Extrusion  2A  Rolled  Direct 
From  Round  Bar  (above)  and  Photomicrograph  Showing 
Fracture  Mode  (below).  100X 
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Bar  #16 


Bar  #17 


Figure  UO.  Rolling  Bara  #16  and  #17  From  Extrusion  2A  with  the 
Molybdenum  Cana  in  Which  They  We^e  Sealed  and  P  lied. 


*»» 
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Figure  1*2.  Upset  Samples  of  Extrusion  (A  After  Being  Reduced 
20%  and  30%  by  Rolling  at  2f>0Q*F  With  Molybdenum 
Sheet  on  Surfaces  of  68W-20Ta-12Mo  Alloy. 


#27  30JJ  Reduction  by  Rolling  at  2500*F. 

Figure  Li3-  Photomicrographs  Showing  Fractures  Produced  by  Rolling 
Bars  from  Extrusion  7A  -  68W-20Ta-12Mo  Alloy  After 
Upset  Forging  $0%. 
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The  first  sample  ir>  the  as-extruded  condition  was  induction 
heated  in  an  argon  atmosphere  to  3500^  and  reduced  20Jf  .  After  cooling 
in  air,  several  radial  cracks  were  apparent  in  the  end  of  the  swaged  bar 
(No.  28  in  Table  VI).  The  swaging  temperature  was  selected  on  the  basis 
of  ductility  data  from  tensile  tests  of  11A  vnich,  as  shown  in  the  follow¬ 
ing  section,  indicated  good  ductility  at  2500“?  to  3500*F.  The  lose  of 
temperature  in  swaging  is  severe  so  the  higher  temperature  end  of  the 
range  was  used.  Even  with  rapid  transfer  from  the  furnace  and  ia  swaging, 
the  molybdenum  tube  was  below  red  heat  after  completing  the  reduction* 

The  second  sample  was  recrystallissd  by  a  2- hour  3ii00*?  anneal 
at  a  pressure  of  hxl(r°  terr  prior  to  swaging.  The  sample  was  then  heated 
in  argon  atmosphere  to  303O*F  and  swaged  in  dice  providing  a  20$  reduction. 

In  addition  to  ;he  radial  cracks  similar  to  those  observed  with  the  initial 
sample,  the  bar  fractured  about  1/2"  from  the  end  in  a  place  approximately 
Perpendicular  to  the  axis. 

The  swaging  efforts  were  discontinued  since  it  was  apparent  that 
neither  th*»  wrought  nor  recrystallized  specimens  could  be  deformed  satis¬ 
factorily  with  even  this -modified  swaging  procedure.  The  problem  appeared 
to  be  that  the  temperature  fell  below  2000#F  before  the  reduction  was  com¬ 
pleted  and  below  this  temperature  the  alloy  had  insufficient  ductility  to 
permit  the  reduction  desired. 

C.  Metallurgical  Evaluation  of  68W-2CTa-12Mo  Alloy 

Westgren  and  co-workers  explored  a  series  of  solid  solution  refract ary 
alloys'™  from  which  the  68W-20Ta-12Mo  alloy  was  selected  as  one  of  the 
most  promising.  The  original  data  represented,  in  most  cases,  one  or  two 
elevated  temperature  tensile  teats  of  an  as-extruded  bar  of  each  composition. 
One  important  contribution  of  the  current  program  is  the  more  thorough 
characterization  of  this  alloy. 

The  microstructure  of  the  Castings  and  of  the  wrought  products  have 
been  presented  and  discussed  in  the  preceding  sections.  The  consolidation 
and  deformation  studies  were  accompanied  throughout  the  program  with  con¬ 
current  metallurgical  evaluations  consisting  of  recrystallization  studies, 
metallographic  examinations,  and  mechanical  property  evaluation  including 
tensile  and  creep  rupture  te«ts. 

1.  Recrystallization  Studies 

The  extrusion  from  inget  1A  was  estimated  to  be  60$  recrystallized. 

Small  pie-shaped  specimens  of  the  bar  ^see  Figure  18)  wexe  heated  in  ™«wum 
for  one  hour  at  temperatures  from  2$00*F  to  30OO*F.  At  3000*?  the  recrystal¬ 
lization  was  initiated  in  one  hour  although  the  hardness  had  not  been 
substantially  reduced.  Since  the  bar  was  60$  recrystallized  initially,  a 
substantial  decrease  in  hardness  would  not  be  expected.  At  3300*F  the 
structure  appeared  to  be  completely  recrystallized  in  one  hour.  The  micro¬ 
structures  and  hardnesses  are  shown  in  Figure  ix0. 


Extrusion  hA  which  was  in  an  eosantially  wrought  condition  was 
reated  in  a  like  manner  to  determine  recrystalllzation  behavior.  This 
l^r  also  appeared  to  require  one  hour  at  3300*F  to  complete  the  recrystal- 
lization.  The  ndcrostructures  and  hardnesses  are  shown  in  Figure  h6. 

Jo  Mechanical  Property  and  Metallographic  Evaluation 

The  mechanical  property  tests  of  the  68W-20Ta-12Mo  alloy  were  made 
:.ri,th  specimens  prepared  from  ortrisions  and  thus  represent  longitudinally 
oriented  material.  Mechanical  properties  vt  both  wrought  and  recrystal¬ 
lised  material  have  been  determined  over  a  considerable  temperature  range# 
i,e.,  tensile  properties  from  room  temperature  to  iiOOO*F  and  creep  rupture 
properties  from  3000#F  to  ijOOO^F. 

a.  Tensile  Tests 

Photographs  of  fractured  tensile  specimens  appear  in  Figure  1*7. 

Included  are  representative  ductile  and  brittle  failures.  The  data  for  all 
of  the  specimens  tested  are  reported  in  Table  711. 

Tensile  testing  was  conducted  in  a  resistance  heated  Brew  vacuum 
furnace  installed  in  an  Instron  tensile  testing  machine.  The  pressure  during 
the  tests  an  measured  with  an  ionization  gauge  varied  from  h  x  10~k  Terr  to 
4  x  10“5  Torr.  Heating  times  varied  from  about  20  minutes  to  U0  minutes, 
depending  upon  the  test  temperature.  Specimens  were  held  at  temperature  for 
five  minutes  before  testing.  The  temperature  was  measured  during  the  test 
with  a  W-336  Re  vs  W-26$  Re  thermocouple..  The  crosshead  speed  was  .020  in/ 
in/mlnute  with  one  exception  (noted  in  the  table)  far  which  a  3000*F  test 
was  made  at  10  times  this  rate  to  determine  the  effect  on  the  properties. 

•  f 

A  wide  variation  was  apparent  in  the  ductility  of  the  various 
heats  tested,  particularly  in  the  "intermediate  temperature"  range  (from 
2500°F  to  3500*F  for  this  alloy).  After  testing,  the  specimens  were  examined 
to  provide  additional  information  on  the  microstructure  and  the  fracture  mode. 

In  a  number  of  specimens,  it  was  apparent  that  defects  in  the  form  of  micro¬ 
porosity  or  cracks  at  grain  boundary  triple  points  existed  prior  to  testing. 

These  defects  persisted  from  the  casting  or  were  generated  by  extrusion  in 
:<i  ch  fine  form  that  non-destructive  testing  was  ineffective  in  identifying 
them.  Examples  of  these  are  shown  in  Figure  H8.  Because  of  their  location 
the  cracks  at  the  triple  points  are  very  detrimental  to  the  mechanical  proper¬ 
ties  of  the  wrought  (or  partially  wrought )  material.  The  recrystallization 
process  to  a  large  extent  alleviates  this  effect  because  grain  boundary  motion 
leaven  the  voids  at  less  detrimental  locations.  For  this  reason,  if  a  speci¬ 
men  did  not  appear  to  be  completely  recrystallized  as  designated,  the  data 
were  considered  questionable.  Those  tests  involving  recrystallized  specimens 
which  were  Judged  satisfactory  are  marked  with  an  asterisk  in  Table  VII.  Ultimate 
tensile  strengths,  fracture  stresses,  yield  stresses,  elongations,  and  reduc¬ 
tions  in  area  for  these  specimens  have  been  plotted  as  a  function  of  tempera¬ 
ture  in  Figures  h9-$3»  The  data  show  the  significant  strengthening  resulting 
from  cold  work  ir,  this  alloy. 

Both  elongation  and  reduction  of  area  increase  rapidly  above  2000*F, 
t.he  material  exhibiting  little  ductility  below  2000*F.  Afterrsaching  a 
maximum  at  2$00#-3000*F,  the  ductility  decreases  somewhat  at  higher  tenpera- 
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Figure  U5.  Microstructures  of  Extrusior  1A  After  One  Hour  at  the  Indicated 
Temperatures,  100X.  Values  in  Parenthesis  are  Rockwell  Hardness 
Numbers. 


3300 *F  (36.0  Rc)  3U00*F  (35.0  Rq) 


Figure  ii6.  Micro structure  of  Extrusion  UA  with  Various  One  Hour  Heat 

Treatments  for  Recrystallization  Study.  100X 
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Extrusicn  8A 
UOOO’F 


Extrusion  11A 
3000#F 


Extrusion  I1A 
1500#F 


f6  °'A- 


Figure  ii7 •  High  Temperature  Tensile  Specimens  Used  to  Determine 
the  Tensile  Strength  of  the  68W-20Ta-12Mo  Alloy. 
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TABU  vn 


RESULTS  FROM  TENSILE  TESTS  OF  THE  68W-20T«-12Mo  ALLOT 


Extrusion 

Number 

Description  of 
Nominal  Structure 

Test 

Temp 

m 

1A 

recrystallized 

2000 

1A 

N 

2500 

1A 

a 

3000 

1A 

a 

a 

U 

M 

a 

1A 

« 

3500 

U* ** 

a 

a 

U 

a 

1*000 

1A  * 

a 

a 

3A 

recrystallized 

2500 

3A 

a 

3000 

3A 

a 

3500 

3A 

a 

1*000 

1*A 

recrystallized 

K.T. 

i*a 

a 

1500 

1*A 

a 

1750 

1*A 

a 

2000 

1*A 

a 

2500 

1*A 

a 

3000 

1*A 

a 

3500 

1*A  * 

a 

1*000 

1*A 

wrought 

R.T. 

1*A 

a 

1000 

hA 

a 

1500 

hA 

a 

2000 

hA 

a 

3000 

hA 

a 

3250 

7A  * 

recrystallized 

2000 

7A  * 

a 

2500 

7A  * 

a 

3000 

7A  # 

a 

3500 

7A  * 

a 

1*000 

Stress  (ksi)  R.A.  Slong. 

Held  Ultimate  Fracture  {%)  (%) 


lolt 

101* 

129 

10.6 

8.2 

51* 

98 

76 

17.6 

20.5 

1*3 

52 

1*8 

10.1* 

8.2 

1*5 

56 

51* 

15.8 

10.8 

1*3 

1*9 

1*5 

11.2 

10.1* 

18 

31* 

28 

38.3 

25.5 

20 

22 

♦ 

38.1 

39.3 

16 

17 

17 

1*5.1 

5U.7 

15 

15 

+ 

♦ 

♦ 

1*8 

71* 

76 

2.5 

3.3 

la 

50 

50 

5.0 

3.0 

23 

21* 

22 

1.5 

1.5 

16 

16 

13 

l*.o 

5.1* 

92 

92 

92 

0.0 

0.0 

70 

70 

72 

1.2 

0.3 

71* 

108 

150 

15.3 

17-2 

68 

108 

183 

1*9.1 

19.1* 

68 

92 

50 

8.8 

H*.l 

55 

58 

57 

5.3 

3.7 

32 

31* 

31 

3.6 

2.2 

16 

16 

♦ 

13.2 

13.1* 

86 

86 

86 

0.0 

0.0 

101 

101 

101 

0.0 

0.0 

123 

123 

132 

3.5 

10.2 

128 

128 

185 

36.8 

16.6 

67 

72 

67 

15.8 

12.0 

55 

58 

55 

8.8 

8.9 

70 

81 

83 

2.3 

1*.2 

102 

101* 

202 

65.1* 

25.7 

1*1* 

61* 

112 

73.2 

60.0 

28 

29 

26 

37.7 

31*. 5 

20 

20 

18 

30.2 

3l*.0 

*  No  defects  in  microstructure 

**  Crossh^ed  speed  0.20  ,  All  other  tests  0.01*0  ln/in/rain, 
Testing  accomplished  in  vacuum. 


TABU  VII  (continued) 

RESULTS  FROM  TENSILE  TESTS  OF  THE  68W-20Ts-12Mo  ALLOT 


Test 

Extrusion  Description  of  Temp 
Number  Nominal  Structure  (* **F) 

8A 

recrystaHized 

2500 

8A 

a 

3000 

8A  * 

a 

3500 

8A  * 

a 

hooo 

8A 

wrought 

2500 

3A 

a 

2500 

8A 

a 

3000 

8A 

a 

3500 

HA  * 

recrjrstallised 

1$00 

llA* 

a 

2000 

11A  * 

a 

2000 

HA 

a 

2000 

11A 

a 

2000 

11A  * 

a 

2500 

11A  * 

a 

3000 

11A  * 

a 

3000 

11A  * 

**  a 

3000 

1U  * 

a 

3500 

11A  * 

a 

liOOO 

11A 

wrought 

2000 

Cruc. 

As  Extr. 

3000 

Stress  (ksi)  R.A.  Elong. 

Held  Ultimate  Fraoture  (%)  (%) 


50 

81 

96 

8.1 

10.8 

1*6 

57 

61 

6.1* 

U.1* 

27 

27 

27 

9.1* 

lli.O 

18 

17 

15 

9.3 

13.0 

107 

122 

11*8 

ll*.6 

17.2 

82 

121 

11*9 

13.1* 

17.1 

68 

71* 

61* 

9.9 

7.5 

22 

23 

16 

1.8 

3.6 

71 

71 

71 

0.0 

0.6 

68 

68 

70 

1.1 

2.1* 

60 

60 

60 

0.6 

1.8 

56 

50 

56 

0.6 

1.2 

66 

66 

66 

2.0 

1.2 

51* 

93 

199 

1*5.9 

2l*.5 

1*3 

56 

H2 

50.5 

1*3.2 

1*0 

56 

93 

1*5.9 

1*2.9 

51* 

62 

110 

1*1.2 

1*2.8 

25 

26 

27 

30.5 

58.0 

18 

18 

11* 

21.2 

l*l*.o 

83 

111 

83 

1.2 

8.6 

67 

•» 

23 

16 

*  No  defects  in  microetructure 

**  Crosohead  speed  0.20,  All  other  tests  O.OhO  in/in/ndn 
Testing  accomplished  in  vacuum. 
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tures.  Yield  stresses  decrease  quite  regularly  with  increasing  teaperatures9 
experiencing  a  rather  rapid  drop  between  3C00*F  and  3$00*F.  Fracture  stresses 
(load  at  fracture/area  at  fracture)  increat';  quite  abruptly  to  a  madams  of 
200,000  psi  at  2500*F  and  then  deorease  rapidly  to  about  26,000  psi  at  3$00*F. 
This  behavior  is  a  result  of  localised  necking  prevalent  in  this  temperature 
range.  At  higher  temperatures  the  failure  mechanism  changes.  Void  formation 
in  the  range  3jjOQ*F  to  U000*F  results  in  failure  at  appreciably  lower  values 
of  reduction  in  area,  but  at  rather  high  elongations  (approximately  303 1  at 
U000*F).  Voids  formed  during  testing  in  this  temperature  range  are  typically 
located  at  triple  points  and  are  reminiscent  of  those  associated  with  grain 
boundary  shearing  in  other  metals.  If  such  is  the  case,  then  this  material 
should  exhibit  an  intermediate  temperature  ductility  minimum.  The  drop  in 
ductility  above  3000*F  may  well  be  indicative  of  such  a  minimum.  Presenco 
of  a  minimum  may  explain  the  excessive  scatter  in  ductility  data  above  3000 *F, 
That  is,  the  presence  of  a  ductility  minimum  in  any  given  material  is  dependent 
upon  one  or  more  as  yet  unknown  and  hence  uncontrollable  factors.  One  heat 
of  a  particular  material  may  exhibit  a  minimum  while  another  heat ,  to  all 
intents  anr1  purposes,  identical  to  the  first,  will  not.  Thus  one  can  reason¬ 
ably  postulate  that  variations  in  unidentified  factors  amongst  the  various 
extrusions  are  responsible  for  the  scatter  in  ductility  data.  A  second 
rationalization  can  be  based  on  the  established  fact  that  the  minimum  can  be 
displaced  along  the  temperature  axis  by  small  quantities  of  other  elements. 

In  the  present  alloy,  perhaps  variations  in  the  oxygen  and/or  carbon  contents 
are  displacing  the  minimum. 

There  is  good  reason  to  believe  that  oxygen  contents  above  Ii5  ppm 
are  very  detrimental  to  ductility  (e.g. ,  results  from  extrusion  3A).  On  the 
other  hand,  carbon  contents  below  100  ppm  appear  to  have  little  effect  on  the 
mechanical  properties  of  this  alloy,  and  if  anything,  improve  the  high 
temperature  tensile  properties.  However,  this  is  not  the  whole  story.  Tensile 
data  indicate  that  other  causes  are  responsible  for  some  of  the  poor  high 
temperature  tensile  results.  For  example,  the  best  tensile  results  generally 
were  from  extrusions  1,  7  and  11  but  these  billets  did  not  differ  in  chemistry 
from  U  and  8.  Spectro graphic  analyses  do  not  offer  any  obvious  correlation 
with  mechanical  properties.  Extrusions  2  and  3  were  high  in  Si  and  Ni  and 
had  poor  ductility  properties!  however,  8  and  9  were  low  in  Si  and  Ni  and  also 
had  poor  ductility. 

Met alio graphic  examination  of  tensile  fractures  from  the  various 
tests  revealed  little  unusual.  If  the  structure  was  truly  recrystallized, 
then  the  fractures  can  be  described  as  follows: 

1.  For  testing  temperatures  of  2000*F  and  below  the  material 
exhibits  little  ductility.  Hence  the  individual  grains  show  little  de¬ 
parture  from  equiaxedness.  The  fracture  is  usually  intercrystalline  at 
2000°F,  but  transcrystalline  at  1?50*F  and  below. 
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Figure  U8.  Three  Types  of  Defects  Observed  in  Extrusions  of 
68W-20Ta-12Ho  Alloy  Persisting  from  the  Casting  or 
Generated  in  Extrusion.  1001 
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ULTIMATE  TENSILE  STRENGTH,  (k»l) 


14  16  18  20  22  24  26  28  30  32  34  36  98  40 


TEMPERATURE,  CF)  X  I0"2 


Figure  U9 .  Ultimate  Tensile  Strength  Versus  Teat  Temperature 

for  66W-20Ta-12Mo  Alloy. 
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Figure  50.  Fracture  Stress  Versus  Test  Temperature  for  Tensile  Tests 
of  68W-20Ta-12Mo  Alloy. 
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14  IS  18  20  22  24  26  28  30  32  34  36  38  40 


Figure  51. 


TEMPERATURE,  (»F)  X  I0_2 


Tensile  Yield  Strength  Versus  Test  Temperature  for 
68W-2CTa-12Ho  Alloy. 


n 


I 


I 

i 


2 •  The  increase  in  ductility  in  the  region  from  2500  to  3000*F 

is  reflected  in  the  marked  elongation  of  the  individual  grains,  especially 
near  the  fracture  surface.  Fractures  are  mainly  transcrystalline  and 
necking  is  marked* 

3.  Testing  temperatures  of  3500 *F  and  ii000*F  result  in  a 
radically  different  structure.  This  structure  may  be  characterized  by 
the  following  features: 

i)  rather  equiaxed  grains  indicative,  in  view  of  the 
ductility,  of  considerable  grain  boundary  motion  during  or  after  testing; 

ii)  serrated  grain  boundaries  identical  to  those  found 
in  other  hot-worked  materials  (Al,  Ni,  Nichrorae,  Zr,  Mg,  U,  etc.)  and 
believed  to  be  a  result  of  grain  boundary  motion  due  to  the  formation 
of  bands  of  deformation; 

iii)  void  formation  near  the  fracture  surface  becoming 
less  prominent  as  the  distance  from  the  fracture  increases. 

Initially  wrought  structures  also  exhibit  a  number  of  fracture 
types  depending  upon  the  testing  temperature.  At  low  temperatures  (2500*F 
and  below)  fractures  are  typically  transcrystalline.  Increasing  the  test 
temperature  to  3000°F  and  3500*F  results  in  more  or  less  recrystallization. 

In  this  case,  the  fracture  is  often  intercrystalline  through  the  recrystal¬ 
lized  material  and  transcrystalline  in  the  wrought  material.  At  the 
highest  testing  temperature  (U000*F)  the  structure  completely  recrystallizes 
during  heating  and  the  structures  are  identical  to  those  described  above 
for  fully  recrystallized  specimens  tested  at  3500*F  and  liOOO'F.' 

The  photomicrographs  in  Figure  5U  and  55  illustrate  the  modes 
of  failure  in  elevated  temperature  tensile  tests  of  both  wrought  and  re- 
crystallized  specimens  of  this  alloy. 

b.  Creep  Rupture  Tests 

Specimens  machined  from  extrusion  3A  were  used  to  determine  the 
10-hour  creep  rupture  properties  of  the  68W-2OTa-12Mo  alloy  in  the  recrystal¬ 
lized  condition.  Tests  vere  performed  at  3000,  3500,  and  h000*F.  The 
specimens  are  shown  in  Lgure  5».  Testing  was  conducted  in  a  radiant  heated 
Brew  vacuum  furnace  mounted  in  an  arcweld  creep  rupture  rack.  The  results 
are  summarized  in  Table  VIII. 

Upon  observing  the  negligible  elongation  of  specimen  #1  and  the 
immediate  failure  of  specimen  #2,  testing  procedures  and  specimen  surfaces 
were  re-evaluated.  It  may  be  noted  that  the  loads  applied  for  these  first 
two  tests  were  approximately  $0%  of  the  ultimate  tensile  strength.  Upon 
confirmation  that  procedures  were  correct  and  since  the  first  two  samples 
tested  had  ground  surfaces,  the  remaining  samples  were  electropolished  in 
the  gage  area  to  minimize  any  possible  surface  effects.  The  third  specimen 
was  then  tested  at  3500*F  under  reduced  load.  This  sample  also  failed  in 
a  very  short  time.  Comparison  of  these  results  with  the  tensile  results 
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[  Figure  5U.  Photomicrographs  of  Tensile  Specimens  Tested  at  2500*,  3000* 

■  ana  3500*F  for  Extrusion  8A  of  68W-20Ta-12Mo  Alloy  in  the 

Wrought  Condition.  100X 
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TABLES  VILE 


CREEP  RUPTURE  TESTS 
CF  68W-20Ta-12Ho  ALLOT 


Specimen 

No. 

Temp. 

•f 

Sample  from 
Extrusion  No. 

Stress 

(psi) 

Time  to 
Rupture 
(hr a.) 

Elongation 

GO  _ 

Reduction 

in  Area 

. oo_ 

1 

3000 

3A 

20,000 

3.39 

2.6 

2.5 

2 

3500 

3A 

20,000 

0.00 

1.9 

2.5 

3 

3500 

3A 

10,000 

0.20 

8.6 

3.0 

h 

3000 

LA 

25,000 

k.60 

11.9 

h.h 

5 

3500 

3A 

5,000 

7.93 

8.2 

N.A. 

Samples  tested  In  a  vacuum  Brew  furnace  mounted  in  an  arcweld  creep  rupture 
rack.  Samples  were  given  a  1.5  liour  -  3ltOO*F  heat  treatment  to  impart 
complete  recryetallization. 
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indicated  that  uhe  elongation  characteristics  of  extrusion  3A  were  differ¬ 
ent  from  those  of  the  other  extrusions.  A  specimen  taken  from  extrusion 
1A  was  therefore  tested  for  creep  rupture  properties  at  3000*F  and  25»000 
psi.  The  li.60  hour  rupture  life  plus  the  10$  elongation  and  $•%%  reduction 
in  area  values  obtained  confirmed  the  difference  between  the  two  extrusions. 
Metallographic  examination  of  the  fractured  creep  rupture  specimens  revealed 
that  they  failed  by  grain  boundary  separation;  i.e.,  intergranular  failure. 
Creep  rupture  specimen  microstructures  were  examined  using  electron  met allo¬ 
graphs  techniques*  Specimens  from  3A  were  found  to  contain  large  amounts 
of  a  precipitate  at  the  grain  boundaries;  whereas  material  from  extrusions 
1A  and  hA  showed  much  less  precipitate  at  the  grain  boundaries  and  these 
present  were  fine,  discrete  particles.  The  electron  photomicrographs  in 
Figures  57  and  58  illustrate  the  differences  observed  in  extrusions  1A, 

2A,  3A,  and  UA.  Although  the  precipitate  was  not  identified,  the  oxygen 
analysis  of  the  heat  from  which  2A  and  3A  were  cast  was  appreciably  higher 
than  normal  which  suggests  that  the  precipitate  may  be  an  oxide. 

It  was  concluded  that  creep  rupture  testing  should  be  suspended 
until  the  alloy  had  been  developed  to  a  more  refined  stav.us.  The  effects 
of  variations  in  interstitial  levels  on  the  creep  ruptun.  behavior  defi¬ 
nitely  should  be  investigated  when  the  melting  and  casting  procedures  have 
been  established. 


Extrusion  2A  -  10,0001 


Extrusion  31  -  10,0001 


Figure  58.  Electron  Photomicrographs  of  Extrusions  ?A  and  3A  Showing 

the  Relative  Amounts  of  Precipitate  in  the  Grain  Boundaries. 


(Hill 
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IV  Dispersed  Phase  Alloy  -  W-12Cb-(V,Zr,C) 


Ingot  Consolidation 
1.  Halting 

The  consolidation  of  the  higi  strength  W-12Cb- ,29V-  ,12Zr- .07C  alloy 
was  considered  an  even  greater  challenge  than  the  solid  solution  alloy* 

The  centrifugal  casting  technique  was  selected  as  the  most  likely  method 
for  successful  casting  of  the  alloy.  The  material  for  the  first  melting 
was  produced  from  elemental  powders  that  were  blended,  pressed  and  sintered, 
and  AC  vacuum  arc  melted  to  produce  a  second  melt  casting  electrode* 

Severe  difficulties  were  encountered  at  Oremet  in  attempting  to  melt 
this  electrode  in  the  skull  furnace.  In  three  attests  it  was  impossible 
to  strike  and  maintain  an  arc  between  the  arc  melted  electrode  and  the 
copper  skull  casting  crucible.  During  the  final  attempt,  a  bum-through 
develoned  in  the  crucible.  No  further  attempts  were  made  to  centrifugally 
cast  this  alloy.  It  is  believed  that  the  failure  to  sustein  a  stable  arc 
was  due  to  vanadium  vapors. 

To  obtain  material  for  preliminary  extrusion  trials  and  heat  treat¬ 
ment  studies,  the  5  inch  diameter  AC  arc  melted  electrode  was  examined 
fcr  possible  value  as  an  extrurion  billet.  One  section  of  euitable  size 
was  shipped  to  TRW  for  this  purpose. 

Using  AC  arc  melting  techniques  the  consolidation  of  the  second 
melt  electrode  from  the  pre-alloyed  pressed  and  sintered  electrode  was 
accomplished  with  no  arc  difficulties.  For  this  reason,  in  view  of  the 
difficulties  in  casting,  the  decision  was  made  to  produce  ingots  by  the 
AC  arc  melting  technique. 

Two  ingots  of  the  W-12Cb-0.29V-0.12Zr-0.07C  alloy  3.5"  diameter  by 
12 ,l  long  were  single  AC  arc  melted  at  Oregon  Metallurgical  Corporation 
and  have  been  processed  into  extrusion  billets.  The  electrodes  used  to 
produce  those  two  ingots  were  produced  from  powders  blended  to  the  nominal 
composition  and  double  sintered  in  both  hydrogen  and  vacuum.  The  melted 
ingots  are  shown  in  Figure  59.  Each  ingot  was  sectioned  and  ground  to 
orovide  two  extrusion  billets.  Examination  during  sectioning  showed  that 
both  ingots  were  severely  cracked. 

In  an  effort  to  obtain  sound  material  another  ingot  was  melted  with 
sections  of  W-l5Mo  on  top  and  bottom  sections.  It  was  theorized  that 
the  more  ductile  W~l5Mo  alley  on  the  top  and  bottom  of  the  ingot  would 
reduce  the  cracking  tendency  in  the  starting  pad  and  hot  too  areas 
during  solidification  and  cooling.  This  ingot  is  shown  in  Figure  60  with 
the  macroetched  top  and  bottom  sections  which  were  removed  from  the  ingot. 

It  is  aroarent  that  the  W-l5Mo  sections  did  not  provide  the  desired  pre¬ 
vention  of  cracking. 


Figure  59 


0  12  3 

i  I  ! 


.  Photographs  of  the  AC  Arc  Melted  Ingots  of  the 

W-12Cb-0.29V-0.12Zr-0.07C  Alloy  in  the  As-Cast  Condition. 
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2.  Chemical  Analyses 


The  chemical  analyses  of  the  first  two  heats  of  the  dispersed  phase 
<a\loy  from  which  Billets  IB,  2B  and  3B  were  machined,  are  tabulated  in 
Table  IX  .  These  analyses  were  obtained  from  samples  removed  from  ap¬ 
proximately  the  center  of  the  ingots.  The  composition  of  the  electrode 
was  very  well  established  to  bring  the  major  elements  into  good  control 
immediately.  The  vanadium  aid  to  a  lesser  extent  the  zirconium  content 
was  high  in  Billet  IB.  However,  tne  billet  was  removed  from  the  casting 
electrode  and  thus  it  would  be  anticipated  that  additional  vanadium  and 
zirconium  losses  would  have  occurred  had  Oramet  been  able  tc  make  the 
casting  melt.  The  Billets  2B  and  3B  analyses  represent  an  AC  arc  malted 
ingot  for  which  excellent  control  was  shown. 

3.  Microstructures 

The  inability  to  maintain  an  arc  for  the  first  casting  melt  at  Qremet 
necessitated  the  use  of  the  arc  melted  electrode  for  further  processing 
studies.  The  nicrostructure  of  the  AC  arc  melted  electrode  was  more  fine 
grained  than  might  be  expected  with  a  refractory  metal  ingot  as  can  be 
seen  in  Figure  61*  Darker  etching  fields  of  the  precipitated  phase  general¬ 
ly  appear  to  follow  the  grain  boundaries  in  the  lower  magnification  view. 
Examination  at  higher  magnifications  revealed  that  the  precipitate  was 
generally  dispersed  throughout  the  grains  as  well  as  at  the  grain  bound¬ 
aries. 


The  following  heats  of  this  dispersed  phase  alloy  were  AC  arc  melted. 
Metallographic  samples  of  the  top,  middle,  and  bottom  ingot  locations  re¬ 
vealed  uniform,  fine  grained  microstructures  similar  to  thss  electrode 
from  which  the  first  billet  was  prepared.  Representative  photomicrographs 
for  the  two  ingots  appear  in  Figure  62.  (Two  billets  were  machined  from 
each  of  the  ingots.)  The  dispersed  phase  was  uniformly  distributad  through¬ 
out  the  matrix. 

Deformation  Studies 


The  initial  billet  (IB)  of  this  alloy  was  prepared  from  a  section  of 
the  AC  arc  melted  electrode  in*  rtnded  for  reraelting  in  the  skull  casting 
furnace.  The  billet  machined  from  this  section  had  an  obvious  fracture 
through  the  nose  as  well  as  local  defects.  These  are  apparent  in  the 
photographs  in  Figure  63. 

The  billet  was  "canned”  in  Mo-0. $%  Ti  as  described  for  the  solid 
solution  alloy  billets.  This  composite  extrusion  billet  was  induction 
heated  to  the  highest  temperature  possible  with  the  furnace  -  1*150*F. 

The  attempt  to  make  a  round  extrusion  with  a  5.5  to  1  area  reduction 
stalled  the  press  even  at  this  temperature.  The  examination  after  this 
attempt  showed  that  the  billet  had  sustained  more  severe  cracking.  It 
was,  however,  leraachined  and  encased  in  Mo-0.5Jf  Ti  for  a  second  attempt 
at  a  lower  extrusion  ratio.  This  extrusion  at  a  I*  to  1  ratio  at  i*l5CrF 
produced  the  *ar  shown  in  Figure  61*.  The  extrusion  data  are  recorded  in 
Table  X. 
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TABLE  IX 


CHEMICAL  ANALYSES  OF  DISPERSED  PHASE  ALLOT 
NOMINAL  W-12Cb-.29V-.l22r-.Q7C 


Billet  IB  Billets  2B  it  3B  Analytical  Technique 


Tunguten 

86.1# 

Balance 

Wet 

Columbium 

13.0* 

lii.8* 

Wet 

Vanadium 

.5  9f 

C\i 

• 

Wet 

Zirconium 

.18* 

.13* 

Wet 

Carbon 

.076* 

.062* 

Leco  Cor.ductometric 

Nitrogen 

130  ppm 

10  ppa 

Micro  Kjeldahl 

Oxygen 

70  ppm 

20  ppm 

Inert  Gas  Fusion 

Hydrogen 

- 

1  ppm 

Vacuum  Fusion 
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1000  x 


Figure  6l.  As-Cast  Microstructure  of  W-12^Cb-0.295tV-0.12J{Zr-0.0?lfC 
Consumable  Electrode  Vacuum  Arc  Cast  Ingot. 


1 


O 


Figure  63.  W-12Cb-0.29V-0.122r-0.07C  Alloy  Billet  IB  Finish  Ground 

and  with  Dye  Penetrant  Developer. 
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Figure  6U.  v  .2Cb-0.29V-0.12Zr-0.07C  Alloy  Extrusion  IB.  Billet  was  Arc  Cast, 

Canned  in  Mo-0.5>£ri  and  Extruded  at  Ul50*F,  U  to  2  Area  Reduction  Ratio 


TABLE  1 


ECTRUSIOM  CONDITIONS  FOR  W-l2Cb  (V,Zr,C)  ALLOT 


IB 

2B 

3B 

4s 

Temperature  (*F) 

1050 

1*050 

1*065 

3950 

3800 

Extrusion  Ratio 

1**1 

l*.5*i 

3*1 

3.2*1 

3*8il 

Ram  Speed,  ips 

12 

mm 

- 

15 

15 

Breakthrough 
Pressure,  psi 

165,000 

Stalled 

Stalled 

179,000 

181*,000 

Min.  Running 
Pressure,  psi 

11*2,000 

- 

mm 

179,000 

181*,  000 
(Stalled) 

All  '.billets  "Canned"  in  Molybdenum  except  2B  and  3B  which  had  .035"  Thick 
Molybdenum  Spray  Coating. 


The  extruded  ber  wee  cracked  rather  severely  as  the  photograph 
indicates.  The  examination  of  bar  sections  revealed  that  the  «i Cro¬ 
at  ructure  was  approximately  50j<  very  fine  recrystalliaed  grains, 

Figure  65.  Thus,  the  high  temperature  necessary  to  deform  this  alloy 
in  the  extrusion  operation  also  allowed  the  recrystalliaation  process 
to  proceed  to  an  appreciable  degree. 

The  second  extrusion  billet,  2B,  was  prepared  similar  to  the  first 
except  that  a  molybdenum  powder  spraj-  coating  was  applied  in  place  of  the 
"can*.  The  billet  was  heated  to  the  highest  temperature  attainable  which 
was  li050*F»  The  extrusion  attempt  at  a  U.5  to  1  reduction  in  a  round  die 
stalled  the  press.  The  third  billet,  3B,  was  also  molybdenum  powder  spray 
coated  for  extrusion.  A  lower  reduction  ratio,  3  to  1,  was  atteapted  at 
the  hipest  teaperature  attainable,  Uo65*F,  This  extrusion  also  stalled 
the  press  before  any  significant  amount  of  bar  was  produced. 

The  fourth  and  fifth  dispersed  phase  alloy  billets  were  prepared  as 
the  first  one  -  that  is  they  were  "canned*  in  Mo-O, $%  Ti,  The  tempera¬ 
tures  attained  in  the  induction  furnace  for  these  billets,  UB  and  5B, 
were  3950*  and  3800*F,  respectively,  recorded  in  Table  X.  Although  UB 
was  forced  through  the  extrusion  die  for  a  3.2  to  1  reduction  at  about  the 
maximum  pressure  available  (l8ii,000  psi)/it  was  very  severely  oracked, 
separating  into  the  molybdenum  nose  section  and  four  alloy  eegsmnta  as  the 
photograph  in  Figure  66  illustrates.  The  photomicrographs  representative 
of  extrusion  I4B  show  in  Figure  67  large  wrought  grains  and  10  to  20  percent 
fine  recrystalliaed  grains  with  an  elongated  precipitate  phase  in  the 
unrecryatalliaed  areas. 

The  fifth  billet  was  only  partiallv  extruded  as  a  result  of  the  lower 
temperature  (and  higher  reduction  ratio)  attained.  The  very  short  length 
of  bar,  the  extrusion  die  and  un extruded  billet  are  also  pictured  in 
Figure  66.  It  was  concluded  that  the  combination  of  defective  billets 
(resulting  from  ingot  oracking)  and  the  extremely  high  strength  with  low 
ductility  prevented  the  successful  deformation  of  these  arc  melted  billets. 


G,  Metallurgical  Evaluation  of  W-12Cb-(V,  Zr,  C)  Alloy 

Alt  hough  the  consolidation  and  deformation  difficulties  encountered 
in  scaling  up  this  alloy  were  formidable,  some  material  was  produced  in  bar 
form  to  permit  a  limited  evaluation  of  metallographic  and  mechanical  property 
characteristics. 

1.  Recrystalliaation  Studies 

The  material  from  extrusion  IB  was  of  only  limited  value  for 
recrystallization  studies  since  the  structure  was  approximately  re¬ 
crystallized  as  extruded.  However,  small  samples  of  this  bar  were  treated 
in  vacuum  for  one  hour  periods  at  temperatures  ranging  from  3700*F  to  UlOO*F. 
This  study  revealed  that  the  bar  was  not  completely  recrystalliaed  with  the 
highest  temperature  treatment  -  Figure  68.  As  shown  in  the  following  section, 
however,  the  structure  was  completely  recrystalliaed  after  h  hours  at  U200*F. 


99 


Figure  68. 


Longitudinal  Microstructures  of  Extrusion  IB,  W-12C1»-0.29V~ 
C.12Zr-0.07C  Alloy  After  1  Hour  Heat  Treatment  in  Vacuu*  at 
the  Indicated  Temperatures.  1003 


2.  Mechanical  Property  and  Metallographic  Evaluation 

The  small  amount  of  material  available  from  extrusion  IB 
permitted  some  elevated  temperature  tensile  testing  of  the  dispersed  phase 
alloy.  The  tests  were  made  with  the  bar  in  the  partially  recrystallised 
as-extruded  condition.  The  specimens  were** prepared  and  tested  by  the  same 
techniques  described  for  the  solid  solution  alloy.  The  results  for  these 
six  tests  in  the  range  from  2500*F  to  U000“F  are  recorded  in  Table  H  and 
plotted  in  Figure  6?.  These  strength  results  are  significantly  higher 
than  reported  values  for  alloys  in  the  3000*F  to  hOOO^  ranged'  exceeding 
the  68W-20Ta-12Mo  alloy  by  about  8(#  to  90%  in  this  range.  The  itOOO*F 
tensile  strength  is  approximately  six  times  that  of  unalloyed  tungsten. 
These  results  are  not  considered  optimum  since  they  represent  the  as-ex¬ 
truded  (5 0 %  recrystallized)  condition.  It  is  reasonable  to  expect  to 
develop  a  dispersed  phase  structure  by  heat  treatment  which  will  provide 
better  strength  and  ductility  combinations  than  was  obtained  in  the 
extruded  condition. 

Metallographic  examination  of  the  fractured  tensile  specimens 
revealed  that  elongation  at  3500*F  and  higher  temperatures  was  accompanied 
by  void  formation  -  Figure  70.  The  section  of  the  specimens  tested  at 
1*000°F  clearly  shows  the  difference  in  deformation  and  fracture  behavior 
of  the  recrystallized  and  wrought  areas.  Relatively  few  voids  are  apparent 
in  the  wrought  structure.  Thus,  the  elongation  values  in  the  3500*F  and 
higher  temperature  tests  are  increased  through  this  mechanism. 

The  data  obtained  with  the  dispersed  phase  alloy  have  confirmed 
the  extremely  hi^i  temperature  stre*  rths  available  with  this  tungsten  base 
alloy  system.  The  console de  /ion  and  deformation  problems  prevented  a  more 
thorough  study  of  the  all.*,,. 
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TABLE  XI 


RESULTS  FROM  TENSILE  TESTS 
OF  THE  W-L2Cb-Q.29V-0.122r-0.07C  ALLOY 


Specimen 

No. 

Tens. 

(*F) 

Ultimate 

Tensile  Strength 
.  (psi) 

.2/6  Offset 
Yield  Strength 
(psi) 

Elongation  R.A. 

ci)  tt) 

1 

2500 

107,000 

71,800 

.It 

3.7 

2 

3000 

86,000 

6k, 200 

16 

18 

3 

3000 

86,000 

66,000 

31*.  3 

28 

h 

3500 

ii5,200 

31*,800 

30 

36 

5 

3500 

L8,700 

U,ooo 

7k 

3? 

6 

liOOO 

30,000 

2U,650 

36 

27.5 

Strain  rate  •  .01*0  in/in/rain. 
Testing  accomplished  in  vacuum 
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u= Ultimate  Tensile  Strength 
X=  Elongation 
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Figure  69.  Tensile  Properties  vs.  Test  Temperature  xor  the  W-12Cb-0.29V-0.12Z: 

0.07C  Alloy.  Specimens  Taker  from  Extrusion  IB,  Extruded  at  1*150*1 
at  It  to  1  Area  Reduction  Ratio.  Specimens  in  As-Extrudsd  Conditio: 
Strain  Rate  O.Qi*  in/in/ min. 
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Figure  70.  Longitudinal  Microstructures  of  the  Fracture  Surfaces  of 

Tensile  Specimens  Taken  from  Extrusion  IB,  W-12Cb~0.75V-0.12Zr' 
0.07C  Alloy.  Testing  iemperatures  as  Indicated.  100 


V  GONCJJSIONS 


1.  The  consumable  electrode  vacuum  z:a  melting  technique  employing 
a  water  cooled  copper  crucible  is  not  a  satisfactory  procedure  fur 
melting  three  inch  diameter  (or  larger)  ingots  of  the  highly 
alloyed  tungsten  and  tantalum  base  alloys.  The  following 
compositions  melted  by  this  technique  were  severely  cracked: 
68W-20Ta-12Mo,  2C*:-68Ta-12Ho}  68W-2OTa-12Cb,  and  UiiW-14:Ta-12Cb. 

2.  The  vacuum  arc  melting-centrifugal  casting  technique  employing 
a  graphite  mold  was  modified  and  refined  and  resulted  in  a  sound 
casting  of  the  68W-20Ta-12Mo  alloy  three  inches  in  diameter  by 
approximately  six  inches  long.  Recycling  of  skulls,  sprues  and 
turnings  from  the  vacuum  centrifugal  castings  was  accomplished  and 
interstitial  contaminants  generally  decreased  with  recycling. 

Fine  grained,  clean  microstructures  were  obtained  in  the  centrifugal 
castings.  Additional  repetitive  casting  is  necessary  to  establish 
the  reliability  of  the  method  for  casting  this  alloy. 

3.  An  extrusion  process  was  successfully  applied  for  producing  round 
bar  of  the  G8W-20Ta-12Mo  alloy  and  to  a  considerable  degree  welded 
the  cracks  present  in  the  castings  in  the  process.  A  minimum 
temperature  of  about  3700°F  and  a  reduction  ratio  of  about  5»5 

to  1  are  necessary  to  obtain  a  wrought  structure.  The  only 
unsuccessful  attempt  to  extrude  this  alloy  was  encountered  when 
trying  to  effect  a  5  to  1  reduction  to  a  rectangular  cross  section 
at  3900°F. 


li.  Secondary  working  techniques  including  side  forging,  rolling 
and  swaging  were  generally  unsuccessful  for  68W-20Ta-12Mo  alloy 


material  in  either  the  wrought  or  recrystailizsd  conditions.  An 
exception  was  that  a  side  forging  reduction  of  1056  was  accomplished 
with  recrystaliized  material  from  the  final  heat.  Upset  forging 
of  the  alloy  was  successfully  accomplished  with  wrought  ~.nd 
recrystaliized  material  to  5u£  and  hS%  reductions  in  height 
resoectively. 


-4  A  U  -  —  1  U< 


5.  Metallographic  studies  indicated  that  the  one  hour  recryst- 
a'llization  temperature  for  the  68W-2OTa-12Mo  extrusion  was 
3300°F, 


6.  Tensile  test3  of  the  extrusions  representing  wrought  and 
’-ecrystallized  structures  were  made  over  the  temperature  range 
from  ambient  to  u000#F,  The  effects  of  strain  hardening  are 
evident  at  temperatures  up  to  3000°F,  file  yield  strength  in  the 
recrystaliized  condition  was  approximately  U3,000psi  at  3000®F, 
27,OOOpsi  at  3500'>F  and  i8,000psi  at  L000"F.  The  material 
exhibits  liftLe  ductiLity  at  testing  temperatures  of  2G"0°F  and 
below,  reaches  a  maximum  at  2500°-3000'T  a mu  decreases  ai  ‘■igher 
temperatures. 


7.  The  evidence  from  tensile  tests  and  deformation  studies  of  the- 
68W-2OTa-12Mo  alloy  indicated  that  oxygen  in  excess  of  UO  ppm  has  a 
very  detrimental  effect;  carbon,  if  anything,  improved  the  high 
temperature  tensile  propertle  s.  Spectrographic  analysis  do  not  offer 
any  correlation  with  meohanical  properties. 

0.  DC  arc  melting  for  centrifugal  casting  of  the  tungsten- 12£  columbi- 
um  base  dispersed  phase  alloy  was  prevented  by  arc  instability.  AC  arc 
melting  produced  ingots  which  were  severely  cracked. 

9.  Extrusion  of  the  tungsten-12£  colurabium  base  dispersed  phase  alloy 
required  a  temperature  of  blJJO'F  for  a  i*  to  1  area  reduction. 

10.  Bar  which  was  approximately  $0%  recrystallized  as-extruded  was 
not  completely  recrystallized  after  one  hour  at  hlOO*F. 

11.  Tensile  tests  of  the  dispersed  phase  alloy  extrusion  showed  yield 
strengths  of  about  65,OOOpsi  at  3000*F,  about  38,OOOpsi  at  3500°F  and 
about  25,OOOpsi  at  hOOO°F.  The  ductility  of  the  alloy  was  low  at  2500*F, 
increasing  with  temperature  to  a  maximum  at  3!>00*F. 

12.  It  is  strongly  indicated  by  this  research  that  such  ultra  high- 
strength  ,  high  temperature  alloys  are  not  amenable  to  production  into 
mill  product  forms  within  the  present  state-of-the-art.  Further 
advancements  are  required  in  metallurgical  knowledge  of  the  alloys 
and  in  industrial  facilities  capability.  The  first  effort,  pre¬ 
requisite  to  the  development  of  such  alloys  into  useful  wrought 
product  forms,  will  require  an  intense  study  of  means  for  the  initial 
successful  consolidation  into  ingot  or  billet  form. 
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VI  RECOMMENDATIONS 


1.  The  high  strengths  shown  in  the  tensile  tests  and  the  successful 
upset  forging  of  the  68W-20Ta-12Mo  alley  indicate  that  further  research 
should  be  performed  on  the  W-Ta-Ko  aystsa. 

2.  Modifications  and  refinements  in  the  centrifugal  casting  process 
resulted  in  the  successful  production  of  &  3**ir«sh  diamsisr  ingot  of  the 
68W-',0Ta-12Mo  alloy.  Additional  study  of  the  malting  of  the  high  strength 
refractory  metal  compositions  is  a  necessary  prerequisite  to  the  develop¬ 
ment  of  these  systems. 

3.  The  detrimental  effect  of  oxygen  and  possible  beneficial  effect  of 
carbon  on  the  properties  of  the  68W-20Ts~12Xo  alloy  indicate  chat  subse¬ 
quent  to  the  solution  of  the  consolidation  problem,  an  effort  should  bs 
directed  towards  understanding  che  effects  of  the  interstitial  elements 
on  the  mechanical  properties  and  structure  of  the  material. 

U.  Variations  in  the  alloy  compositions  including  the  addition  of 
rhenium  to  both  the  solid  solution  ar*i  dispersed  phase  alloy  systems 
studied  in  this  program  should  be  investigated. 

Results  irom  this  program  emphasize  the  importance  of  understanding 
the  relationships  between  structure  (ee  .Influenced  by  thermal-mechanical 
treatments)  and  high  temperature  properties  in  a  3 olid- solution  alloy. 

A  research  program  to  study  the  thermal-mechanical  processing  of  solid 
solution  alloys  with  emphasis  on  these  relationships  should  be  conducted 
with  a  convenient  material. 
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Vin  APPEND!! 
VACUUM  CENTRIFUGAL  CASTING 


WORK  STATEMENT 


TRW  Processing  end  Materiel  Work  Statement  Ho.  2323-1* 
Oregon  Metallurgical  Corp. 

Centrifugal-Cast  Tungsten-Tantalum-Molybdenu*  Alloy  ingots 

March  3,  1961* 


The  intent  of  tnls  work  statement  is  to  insure  quality,  uniformity, 
and  reproducibility  of  the  centrifugal -cast  tungsten-tantalu^aolybdemua 
(68flW-20JfTa-12jOto)  alloy  ingots  procured  by  Thompson  Remo  Wooldridge  Ino. 
for  an  experimental  alloy  development  program. 

Starting  Materials 

1.  The  eeoond  malt  electrodes  shall  be  prepared  from  consumable 
electrode  vacuum  arc  melted  ingots  melted  with  a  clustered 
electrode  of  tungsten,  tantalum,  molybdenum,  and/or  reprocessed 
material  from  past  melting  attempts. 

2.  The  tungsten  electrode  component  shall  be  a  pressed- sintered 
and  swaged  rod  made  from  a  single  powder  lot. 

3.  The  tantalum  electrode  component  shall  be  a  rod  made  from  a 
single  electron  beam  melted  ingot. 

1*.  The  molybdenum  electrode  component  shall  be  stripe  out  from 
a  single  mill  heat  of  l/kN  plate. 

5.  The  reprocessed  material  shall  be  that  salvaged  from  the 

initial  melting  attempt  made  for  Thompson  Ramo  Wooldridge  Ino. 

B.  Tngot  Melting 

1.  All  fir st- melt  electrodes  shall  be  fabricated  using  tungsten 
electrode  inert  gas  welding  techniques. 

2.  All  first-melt  electrodes  shall  be  A.C.  vacuum  consumable 
electrode  melted  into  a  1*"  diameter  crucible. 

3.  First-melt  Ingots  shall  be  machined  to  remove  contaminated 
metal,  vacuum  arc  melted  into  a  tiltable  9"  water-cooled 
crucible,  and  cast  into  a  rotating  graphite  mold. 

C.  Mold  Design 

1.  The  mold  shall  be  designed  such  that  two  billets  will  be 
obtained  from  each  casting  attempt. 
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Work  Statement  2323— U 


2.  One  of  the  two  molds  shall  be  construe tad  with  a  thin  (1/2*) 
graphite  liner  backed  with  a  vacuum  gap  and  stainless  steal 
reflector  -  the  purpose  being  to  obtain  a  slow  and  uniform 
cooling  rats. 

3.  The  second  of  the  twe  molds  shall  be  similar  to  the  first, 
but  with  a  3/U*  thick  graphite  liner. 

0.  Heat  Treatment 

1.  No  heat  treatment  shall  be  performed  an  ingots  produced  to 
this  work  statement  without  prior  approval  by  TRW. 

E.  Chemistry 

1.  Target  alloy  composition  is  68^rf-20JfTa~12JtHo.  Alloying 
additions  of  the  three  elements  shall  be  made  to  maintain 
this  composition. 

2.  Care  shall  be  used  to  maintain  the  lowest  interstitial 
composition  possible. 

3.  All  reprocessed  material  shall  be  etched  to  remove  any 
contaminated  surface  layers. 

1*.  Chemical  samples  will  be  taken  from  each  ingot  during 

machining  at  TRW  and  returned  to  Oremst  for  analysis.  The 
elements  to  be  determined  ard  analytical  methods  required 
are  listed  below* 

Method 


Leco  Conductometric 
Inert  Gas  Fusion 
Pressure  Equilibrium 
Micro  Kjeldahl 
Spectrographie 


lilt 


Element 

C 

0 

H 

N 

A1 

Co 

Cr 

Cu 

Fe 

Mg 

Jfa 

Ni 

Pb 

Si 


a 


york  tiatewaot  2323-4 


Element 


Method 


Ti 

V 

Sn 

Cb 

2r 

W 

Ta 

Mo 


Spec tr ©graphic 

a 

n 

it 


n 

X-Ray  Spectrographic 

a  a 

a  a 


F*  Inspection 

1.  The  ingots  shall  be  of  a  diameter  and  length  such  that  they 
will  clean  up  after  rough  machining  to  finished  billets 
2.060  inch  diameter  by  U-l/U  inch  long. 

G,  Ingot  Shipment 

1,  The  complete  casting  assembly  sprue  with  ingots  attached 

W-.  «m-t  InKlia  nr, n l^- o» /4  4 rw*  oM  nmonl  n  a  lHf.Vl 

pupa*  k/o  MU4.  vHwa.j'  |mwawvi  asm  w«M>ymw«»  v  »•  w»»v»m4c.v»  — 

sawdust. 

2.  The  ingots  shall  not  be  shipped  without  certification  that 
they  wore  manufactured  and  processed  in  exact  accordance 
with  this  work  statement. 
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3  a bstr.sct  a  defonuation  study  and  ^valuation  of  high  strength  tungsten  base  alleys 
was  accomplished.  The  two  alloys  studied  included  the  solid  solution  strengthened 
68%  V-2 0%  Ta-42%  Mo  alloy  and  the  dispersed  phase  strengthened  W-12%  Cb-O.29%  V-Q. 
12jg  Zr-0.07%  C  alloy*  The  vacuum  melting  plus  centrifugal  casting  technique  was 
used  for  the  consolidation  of  the  solid  solution  alloy.  A  now  type  of  ingot  mold  we 
developed  to  oast  3  inch  diameter  ingots.  High  temperature  extrusion  was  success¬ 
fully  accomplished  to  provide  6856  W- 2052  Ta-125t  Mo  bar  for  evaluation.  Studies  of 
upset  and  side  forging,  rolling  and  swaging  of  the  solid  solution  alloy  were  made. 
Upuet  forging  wa3  the  only  succassful  technique  for  secondary  working.  The  extrude 
bar  was  used  to  determine  recrystallization  behavior,  tc-sile  and  creep  rupture 
properties.  The  one-hour  rocrystallization  temperature  lor  the  68%  W-20%  Ta«125S  Me 
bar  was  3300*F.  The  300Q°Ff  3500?F  and  4000°F  tensile  strengths  of  the  recxyntal- 
lized  bar  were  approximately  three  times  those  of  unalloyed  tungsten. 

The  V/-1252  Cb-(V,  Zr,  C)  alloy  was  consolidated  by  AC  arc  malting  due  to 
arc  instability  in  DO  molting.  The  three-inch  diameter  ingots  couldnot  bs  produced 
without  cracking.  High  temperature  extrusion  produced  sufficient  sound  bar  to  aval 
uate  tensile  properties.  This  ais parsed  phase  strengthened  alloy  exhibited  the 
highest  strengths  at  elevated  temperatures  known  to  have  been  reported  to  date,  foa 
refractory  metals. 
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